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FOREWORD
This report contains: a review of unclassified research activities _
of the Stanford Electronics Laboratories. This report covers the three-
month period ending December 31, 1964. Because of contractual specifica-
tions the research activities of the Systems Techniques Laboratory and
portions of the Radioscience Laboratory are not included in this report
but are reported separately.
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oProject 0173: OPTICAL SPECTRA OF IONS IN SF_ICONDUCTORS
Air Force Office of Scientific Research Grant 323-63
Project Leader: W. W. Anderson
Staff: T.C. Lee
The object of this project is to investigate various semiconductor
lattices as hosts for active optical maser ions. This will involve the
incorporation of members of the 3d and 4f transition group ions into
semiconductor lattices, an investigation of absorption and emission
spectra, and a study of the mechanisms of energy transfer from the host
lattice to the active ion.
The final report is in production. This project will be terminated
with publication of the final report.
Project 0174: MICROWAVE SPECrRAOF THANSITION-GROUP IONS IN
SEMICONDUCTOR LATTICES
Tri-Service Contract Nonr-225(24)
Project Leader: W. W. Anderson
Staff: I.C. Chang
The object of this project is to study the microwave EPR spectra
of selected transition-group ions in semiconductor crystal lattices.
ultimate purpose of this work is to evaluate the potentialities of the
class of materials proposed by Bleany [Hef. 1] for microwave masers.
A final report is in production. This project will be terminated
with publication of the final report.
The
Project 0178: OPTICAL MASER MATERIALS
Signal Corps Contract DA 36-039 SC-90839
Project Leader: W. W. Anderson
Staff: S. Razi, W. Hemphill
Work during this quarter was concentrated on determining the number
of different sites occupied by Tb 3+ ions in ZnS. We have also prepared
some ZnS:Dy crystals and observed a very strong yellow emission.
lB. Bleany, "A New Class of Materials for Bloembergen-Type Masers,"
Proc. Phys. Sot., 73, London, 937-939 (1959).
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For ZnS:Dy, groups of lines, centered at the wavelengths indicated
in Table I, were observed and the corresponding term assignments are
given. No line near 9300 A corresponding to the 4F9/2 _ 6H5/2 transition
TABLE 1
Wavelength Term Assignment Comments
4800 £
5740
6600
7460
8400
4F9/2 _ 6H15/2
4F9/2 -_ 6H13/2
4 6
F9/2 -* HI1/2
%9/2 %9/2
4r9/2 6.7/2
resonance line
very strong
weak
weak
was seen. In Fig. 1 we show the strong line group at 5740 A. The
spectrum was taken at 77 °K. At room temperature or at 77 °K, this
5740 A group is the dominant emission which gives the crystals a bright
yellow fluorescence. Short-wavelength uv excitation was used so that
3+
the Dy ion was acting as the dominant radiative recombination center,
3+
even though the Dy concentration was about .02 percent by weight.
i
54oo _, 56oo
WAVELENGTH
33015
4F9 6FIG. i. YELLOW EMISSION LINES OF /2-* HI3/2
! /
TRANSITION IN ZnS:Dy AT 77 OK.
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The first step in determining the number of sites occupied by rare-
4 4i 9
earth ions is a line count as performed for the F31°I_ _ /2 transition
of ZnS:Nd in the previous QRR. For the 5D 4 -_ 7F 5 transition of ZnS :Tb,
the terminal multiplet will split into 7 Stark levels in a crystalline
field of C3v symmetry or into ii levels in a field of lower symmetry.
To determine if emission is from more than one excited state, the results
of 77 °K and 4.2 °K photoluminescence experiments may be compared as in
Fig. 2. The three lines circled in the 77 °K emission disappear at 4.2 °K
are probably from an excited state of the 5D 4 multiplet.and All other
lines are present in both spectra in approximately the same intensity ratio
and may be ascribed to the lowest level of 5D 4 in the various site sym-
metries. The principal difference is an apparent narrowing of the lines
at 4.2 °K and a resultant better resolution. The apparent line shift and
narrowing of the strong line near 5450 A may be due to the fact that there
are at least three unresolved lines here separated by 2.3 A and .65 A or
-1 -1
7.75 cm and 2.2 cm as determined by a high resolution trace of this
line at 4.2 °K in a different crystal.
EMISSION OF ZnS : Tb AT 77°K AND 4.2"K
42
5450 A 5500
FIG. 2. EMISSION OF ZnS:Tb at 77 OK AND
4.2 °K.
At 4.2 °K we can count 9 lines in Fig. 2 (II in a higher resolution
trace) which may or may not all be due to Tb 3+ in a common site. In C3v
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symmetry, only 5, 6, or 7 transitions would be allowed, depending on
whether an AI, A2 or E level was lowest in 5%. Comparing emission
from various crystals at 77 °K as in Fig. 3, we can count a minimum of
9
_TAL
TAL X
rb
21
33016
FIG. 3. COMPARISON OF EMISSION SPECTRA FROM
THREE DIFFERENT ZnS:Tb CRYSTALS.
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17 lines. Note further that crystals XTb4 and XTb21 have no lines
in common, while XTb7 has some lines common to both XTb4 and XTb21.
We have numbered corresponding lines for the three crystals. There are
thus at least two distinct Tb 3+ sites. We further note that in crystals
with spectra of the type exhibited by XTb21, lines 1 and 3 occur in dif-
ferent intensity ratios as well as the fact that the intensity ratio of
these two lines is very different in XTb7 and XTb21. There are thus
a minimum of 3 distinct Tb 3+ sites.
We digress at this point to comment on the spectra of XTb21. Many
crystals have been grown which exhibit this type of spectrum. All of the
lines are as well resolved and narrow at 77 °K as at 4.2 °K. Other than
line No. 3, the relative intensities of the various lines remain the same
from crystal to crystal. Line No. 3 can be eliminated by annealing in
Zn vapor which leads us to suspect that it is due to a Zn vacancy next
Tb 3+to a ion. Line No. 1 is narrower (A k _ 2.3 A) than the other
lines. Since this is the shortest wavelength line present, we believe
it to he due to a transition from the lowest level of 5D 4 to the lowest
7
level of F 5. Transitions of this type are only strain broadened while
the longer wavelength transitions to excited levels of 7F 5 are both
strain and lifetime broadened.
If there are a number of Tb 3+ sites present, we would expect dif-
ferent efficiency of luminescence for different sites depending on the
method of excitation. We can observe luminescence under short-wave uv
(hole-electron pair production), long-wave uv (direct absorption by
Tb3+), ir stimulation (hole liberation and subsequent recombination),
and electroluminescence. Preliminary results on crystals of type XTb7
(Fig. 3) show that lines No. 7 and No. 9 are from different sites so that
there are now a minimum of 4 distinct Tb 3+ site symmetries. Comparison
of photoluminescence and electroluminescence on the same crystal (again
of type XTb7) shows line No. 3 the strongest in electroluminescence with
almost no lattice background. The interpretation of these results will
be one of the problems for the coming quarter.
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Project 0251: AN I-F PLASMA EXPERIMENT
Air Force Office of Scientific Research Grant 323-63
Project Leader: O. Buneman
Staff: J.O. Hosea
The purpose of this project is to perform an experiment, or groups
of experiments, that will differentiate between "individual" phenomena
in plasmas.
Work on this project has been terminated. Further related work will
be carried out under Project 0322 and will be reported under that project
number.
Project 0253: ANOMALOUS CROSS-FIELD DIFFUSION
Atomic Energy Commission Contract AT(04-3)326
Project Leader: O. Buneman
Staff: D. Pigache, E. J. Powers, G. Reiter,
J. Hosea
The purpose of this project is the study of diffusion in a cylindrical
discharge in a strong axial magnetic field. Measured diffusion rates
across the field are higher than the rate proportional to (I/B 2) pre-
dicted by binary collision theory. The observed anomalous diffusion rates
can only be accounted for by some type of instability, and this project is
concerned with a theoretical and experimental study of some of the possible
instabilities in such a discharge and their effects on diffusion rates.
A. ANOMALOUS DIFFUSION IN AN RF DISCHARGE
In previous reports we have presented evidence of anomalous diffusion
in an rf discharge. In particular, we have mentioned that as the magnetic
field is increased from zero the rf voltage and power required to maintain
a constant-density discharge initially decrease but start to rise when the
magnetic field exceeds a critical value B . This rise is attributed to
c
anomalous diffusion and is accompanied by the onset of low-frequency fluc-
tuations. Although the above observations all indicate that anomalous
diffusion processes occur in a radio-frequency discharge, it is very
difficult to make a direct comparison between them and that predicted by
classical diffusion theory. This difficulty is overcome by approaching
the problem as discussed below.
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In the following we briefly outline the theory of a diffusion-
dominated discharge and compare it with the experimental results. A
more detailed account of the theory and experiment will be included in
a Technical Report which is currently being prepared.
We consider a diffusion-dominated discharge where, for the purposes
of discussion, end losses are neglected. Inclusion of end losses would
not strongly affect our results provided the length of the tube is suf-
ficiently long compared to the radius. For a steady-state discharge the
equation of continuity becomes
v. = -n (I)
when attachment and volume recombination have been neglected. The elec-
tron and ion density, the drift velocity, and the ionization rate per
electron are given by n, v, and z respectively. Since the discharge
is diffusion dominated, nv is given by
nv = - Da±Vn (2)
where Da± is the transverse (to the magnetic field) ambipolar diffusion
coefficient. It is related to the ambipolar diffusion coefficient D
a
in the absence of a magnetic field by the following expression
D
a
Da± = (3)
I + °Je
where We, _i' ve, v.1 are the electron cyclotron frequency, the ion
cyclotron frequency, the electron-neutral collision frequency, and the
ion-neutral collision frequency respectively. Note that Da£ is pro-
portional to B-2 for sufficiently large magnetic field. Substitution
of Eq. (2) into Eq. (I) yields
Da± _n + zn = 0 (4)
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which says that the rate at which electrons and ions are created per unit
volume (zn) equals the rate at which they diffuse out of a unit volume
(-Dal_2n). The solution of Eq. (4) in cylindrical geometry is
n(r) = no So r
Application of the boundary condition n(R) = 0
relationship between z and Da±
yields the following
(_)
where R is the radius of the tube.
of the pressure p, and writing Da±
Dividing both sides by the square
in terms of D gives
a
2
_oe _oi
pR + _ vi
(6)
For a given gas and electron velocity distribution z/p is a unique
function of the electron temperature T . DaP is also a function ofe
T . Therefore, Eq. (6) may be solved to give T as a function of pR
e e
and (_e/Ve) (_ i/V i )
_e i
Te = fl pR + Ye vi
(7)
The electron temperature T may be related to the applied axial
e
rf electric field through the principle of energy balance, which states
that in the steady-state situation the rate of energy delivered to an
electron by the rf electric field equals the rate of energy lost per
electron. That is,
3 (s)Re [-e E • v*] = (2 kTe) a(Te) Ve
I-8
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where -e is the charge on an electron, E is the effective value of
the applied rf electric field, _* is the complex conjugate of the elec-
tron's rf drift velocity, _(Te) is the total fractional loss of energy
suffered by an electron upon colliding with a neutral gas particle, and
3/2 kT is the average thermal energy of an electron. _(T e) takes into
e
account that an electron loses its energy in elastic, exciting, and ioniz-
ing collisions. It also takes into account the fact that the electrons
lost to the wall are "hot", whereas the electrons created to take their
place are "cold" and must be heated to a temperature T by the rf elec-
e
tric field. By using the data given by Lehnert [Ref. 1] for _(Te), we
are able to solve Eq. (8) for E/p as a function of T
e
E/p = f2 (Te) " (9)
By combining Eqs. (7) and (9) we express E/p in terms of pR and
(°_e/V e) (wi/V i)
E/p = f3 R + e
ve vi "
(I0)
For H + ions
e
We i B2
v - be _i _ 0.6
Ve 1
2
(11)
where the data for the electron mobility be is taken from Brown [Ref. 2]
and for the ion mobility _i from Biondi and Chanin [Ref. 3]. Eqs. (I0)
lB. Lehnert, Proceedings of the Second International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1958. (United Nations, Geneva,
1958), Vol. 32, p. 349.
2S. C. Brown, Basic Data of Plasma Physics, (Technology Press and John
Wiley and Sons, New York, 1959).
3M. R. Biondi and L. M. Chanin, Phys. Rev., 94, 910 (1954).
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and (11) relate the variation of E/p to pR and B/p. We recall that
B/p and pR were the two similarity parameters used to plot the dc and
rf critical field data for comparison purposes in previous QRR's.
The functional dependence of E/p on pR and B/p is shown in
Fig. 4 for helium. Note that it is a universal curve good for all com-
binations of p, R, and B as long as the initial assumptions upon
which the theory is based hold true. It predicts for a fixed p and R
that the rf electric field required to sustain a steady-state discharge
should decrease monotonically as we increase B. In summary then, accord-
ing to the classical theory, the effect of applying an axial magnetic
field is to decrease Dal , z, Te, and E monotonically.
In Fig. 5 we present a typical experimental result. The two top
curves are plots of the theoretical and experimental rf electric fields
10 2
-&
:K
E
E
E
to
I I I
IO-' I .R_+n,JB(kG) Yl" Io
," r _"\p(mmH)J J (mmHg-cm)
3230_
FIG. 4. PLOT OF E/p AS A FUNCTION OF pR AND
B/p IN HELIUM.
I0z
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FIG. 5. COMPARISON OF THE THEORETICAL
AND EXPERIMENTAL RF ELECTRIC FIELD RE-
QUIRED TO SUSTAIN A CONSTANT-CURRENT
DISCHARGE VS MAGNETIC FIELD. Variation
of the ion saturation current to a
probe located on the axis of the dis-
charge vs magnetic field.
required to sustain a constant-current discharge. They are both normalized
to unity at B = O. The theoretical curve is based upon Fig. 4 which was
computed assuming classical diffusion theory. We see that the measured
field decreases in fairly good agreement with the theoretical curve, but
only up to a field of approximately a few hundred gauss. Above this field
the experimental rf electric field dlverges from that predicted by classical
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diffusion theory and eventually rises. It is this divergence and rise
which we interpret in terms of anomalous diffusion. The rising portion
of the rf electric-field curve indicates that the ionization rate is in-
creasing. Since in the steady-state discharge production equals loss,
this rise in the production (or ionization) rate implies an increase in
the loss (or diffusion) rate which is in contradiction with classical
diffusion theory. We note also that the transition to anomalous diffusion
is accompanied by the onset of low frequency fluctuations. These fluc-
tuations have been described in previous QRR's.
In the lower curve we have plotted the ion saturation current as
measured by a double probe located on the axis of the tube midway between
the two rf electrodes. It is normalized to unity at zero magnetic field.
We see that increasing the magnetic field causes the ion density (which
is roughly proportional to the ion saturation current) to rise, level off,
and then to decrease. This fall off in density is another indication that
the magnetic field is no longer containing the plasma as well as it did
at lower values of magnetic field.
Thus for the first time we are able to compare the experimentally
determined behavior of a parameter, in this case the rf electric field,
with that predicted by classical diffusion theory. Comparison of the
two confirms our interpretation of the earlier results, namely that anoma-
lous diffusion occurs in radio-frequency discharges.
B. BAGEL II
It has been found during the last quarter that some misalignment of
the magnetic coils still exists at both ends of the straight section op-
posite to the cathode anode structure. Four radially moveable Langmuir
probes have been added in this straight section--at both ends and in the
middle. One probe is vertical, three others are horizontal. These probes
permit us to check if the plasma is well centered in the tube. Although
this misalignment existed, a preliminary study of the decay time in the
afterglow was made. It seems that the main cause of loss during the first
200 _s is classical diffusion across the magnetic field and volume recom-
bination thereafter. This experiment will continue when the plasma is
more perfectly centered in the tube.
1-12
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Project 0254: PLASMA THERMIONIC DIODES
National Aeronautics and Space Administration
Grant NsG 299-63
Project Leader: 0. Buneman
Staff: P. Burger, M. F. O'Neal
The purpose of this project is to study the randomization of electron
energies in thermionic diodes by computer methods.
We summarized the results obtained for the low-pressure (collision-
less) one-dlmensional thermlonlc converter.
When the separation between the emitter and collector plates is
larger than ten electron Debye lengths, the operation of the diode is
determined essentially by two parameters:
i. The ratio of charge densities near the emitter called _ = Ji
mi/Jse_ me, where Jsi' J are the saturation currents of these
ions and electrons respectively and mi, m are their respectivee
masses.
2. The applied potential, which has the normalized form _2 = eV2/kT
where V2 is the applied potential in volts, and T is the emitter
temperature.
Depending whether _2 is positive or negative and a is larger or
smaller than unity we define four operating regions. The stable or un-
stable behavior of the diode can _ demonstrated by plotting the potential
as function of time at some point in the diode. This corresponds to an
ideal probe inserted into the diode space. We plot the potential for
the four regions on Figs. 6-9 at a point which is approximately ten
0
=OTENTIAL ( ARBITRARY UNITB)
I NORMALIZED TIME_2
FIG. 6. POTENTIAL FLUCTUATIONS NEAR
THE EMITTER WHEN C_ > 1, _2 > 0.
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POTENTIAL (ARBITRARY UNIT8)
I NORMALIZED TIME_2
FIG. 7. POTENTIAL FLUCTUATIONS NEAR
THE EMITTER WHEN (_ > 1, q2 < O.
=OTENTIRL (RRBITRRRY UNITS)
] NORMALIZED TIME_26
FIG. 8. POTENTIAL FLUCTUATIONS NEAR
THE EMITTER WHEN (_ < 1, q2 > 0.
POTENTIAL [£RBITRRRY UNITS)
f NORMALIZED TIME_26
FIG. 9. POTENTIAL FLUCTUATIONS NEAR
THE EMITTER WHEN _ < 1, q2 < 0.
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electron Debye lengths from the emitter. We expect the fluctuations to
be the largest here, because this point is in the general neighborhood
where a potential minimum (for the electron-rich case) or a potential
maximum (for the ion-rich case) is formed. The simulated converter is
fifty electron Debye lengths long. On these figures time is normalized
to the average electron transit time and since the ratio of ion to elec-
tron mass is 64, the average ion transit time is eight times the average
electron transit time. The scale of the potential axis is in arbitrary
units because the actual value of the potential depends on the applied
potential and we are interested here only in the general behavior of the
diode. This behavior depends only on whether the potential is positive
or negative and not on its actual value.
In the first region (_2 > 0, _ > i) the converter exhibits large-
amplitude, low-frequency oscillations (see Fig. 6). The frequency of
these oscillations is approximately equal to one over the average ion
transit time, and thus can be easily detected in cesium diodes which
operate in this region. We have studied these oscillations in detail
and reported results in earlier QRR's. The diode operating in the second
region, (5 > I, _2 < 0) exhibits high-frequency oscillations (see
Fig. 7). It is difficult to observe these fluctuations in a cesium diode
because their frequency is of the order of the electron plasma frequency
near the emitter, i.e., thousands of megacycles and the amplitudes are
small (typically a tenth of a volt). Nevertheless the computer simulation
technique shows that the diode will be noisy in this region.
If the converter operates in the third region (_2 > 0, U < i) a true
potential minimum is formed near the emitter which limits the electron
current flowing in the diode below its saturation value (see Fig. 8). The
fluctuations become small--though there is a trace of collective oscilla-
tions with ion frequency--and apparently the operation of the diode is
stabilized. The stabilization is increased by applying negative voltage
to the collector (see Fig. 9). In this region (_2 < 0, _ < I) the
fluctuations are due only to shot-noise effects and are of negligible
amplitude. These calculations indicate that an extremely quiet and stable
plasma is created in a cesium diode when it operates in the electron-rich
region with a negative bias on the collector. The results are summarized
in Table 1 on the following page.
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TABLEi. THESTABLEAND
UNSTABLEREGIONSOFTHE
CONVERTER.
ION RICH
ELECTRON RICH
•r/, > 0
UNSTABLE
(LOW
FREQUENCY)
STABLE
_?z<O
UNSTABLE
(HIGH
FREQUENCY)
STABLE
We are considering the expansion of the computer simulation procedure
at the present. We will introduce surface effects at the emitter (changing
work functions for ions, electrons as functions of cesium coverage), elas-
tic collisions for ions and electrons with neutrals and volume ionization
processes. These additions to the existing computer simulation technique
will enable us to simulate the operation of a real thermionic converter
much better than with the collisionless technique.
Project 0255: COMPUTER MODEL OF A 2-DIMENSIONAL PLASMA
Tri-Service Contract Nonr-225(24)*
Project Leader: O. Buneman
Staff: R. Hockney
The object of this project is programming simple 2-dimensional plasma
problems into an 1BM 7090, ions and electrons being simulated by rods of
positive and negative charge which trace out their orbits in fully self-
consistent fields.
This work conducted at the Stanford Computation Center and partially
supported by NSF Grant NSF-GP 948.
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aIt has been decided to convert the computer simulation to one which
can deal with the problem of anomalous diffusion. The required modifica-
tions are:
1. Inclusion of a constant magnetic field perpendicular to the region.
2. Injection of plasma particles with a Maxwellian velocity distri-
bution from one boundary.
The first modification has been completed and tested by observing the
proper E and B drifts of particles in crossed E and B fields. The
calculation of the inverse error function required in (2) has been done
and the injection of particles is presently being tested.
Mr. Bruce Beron has joined the project and is writing a very flexible
"display" program for use with this simulation. We will be able to dis-
play a great variety of plasma parameters, e.g., Temp. currents, voltages
from the whole or part of the plasma by adjusting input parameters to the
display program.
Project 0256: CURRENT FLOW IN PLASMAS
Atomic Energy Commission Contract AT(04-3)326 PA No. 8
Project Leader: 0. Buneman
Staff: G. Reiter
The purpose of this investigation is the study of the effects of
binary collisions on the electron-ion two-stream instability.
In the last quarterly report, a dispersion relation was obtained for
longitudinal oscillation of a uniform plasma with adc electric field
applied. Numerical computations showed that the calculated steady-state
distribution was stable for drift velocities up to 1.4 times the thermal
velocities. A peculiarity of the equilibrium distribution used was the
limitation on the maximum value of qe/aee imposed by the condition that
2
aei > O. This arises from the neglect of the nonelastic processes main-
taining the steady state, such as brehmstrahlung. Treating these phe-
nomenologically, we find that a. and a can be specified to be
le ei
equal to , for much larger ranges of qe/aeeaee, aii . When this is
done, the resulting steady-state distribution becomes unstable for
qee/ace _ 1.2, and KD/K > I0. If the collision frequency is increased,
retaining the values of the other parameters, the distribution becomes
stable once more.
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These results may be seen from the Nyquist diagrams below (Fig. 10 a,
b, c). The irregularity of parts of the curve is due to the restricted
number of points calculated but does not affect the accuracy of the results.
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Project 0309: NEUTRALIZED CHARGED PARTICLE STREAMS
Air Force Contract AF33(657)-II144
Project Leader: D.A. Dunn
Staff : P. Burger
The purpose of this project is the study of neutralized streams of
electrons or ions in a field-free space.
In the last QRR the equations of motion were derived for the Eulerian
description of a plasma. In this description the plasma consists of cold
streams and the following equations describe the motion of any one stream
of particles.
8p_+ _(p±v_+)
t_- + _x = 0 (i)
b(p±v±) _(p_+v2)
_t + _,_ - (_)_x,t)p± = 0 (2)
The subscripts + or - designate that part of the stream which travels
in the positive or negative x direction, respectively; p and v are
the respective average charge density and velocity of the stream and E
The electric field is determined from Poisson'sis the electric field.
equation:
_(p+ +p )
bE
1 (3)
_-_x =
O
where the sum includes all the streams that make up the plasma. Equation
(3) can be integrated if the boundary condition is given. The boundary
condition used here is:
d
f Edx = Vappl
0
where "d" is the diode length and V
appl
the diode.
(4)
is the applied potential across
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In order to solve Eqs. (i), (2), (3) and (4) simultaneously a finite-
difference method is needed. It is not a trivial procedure to translate
differential equations into difference equations and obtain a good approxi-
mation to the original equations, and care must be taken at this point.
The differential operators (_t) and (_x) have to be replaced by
difference operators (_t/h), (Ax/p) where h and p are the finite
intervals in time and space which give the coarse graining of the model.
The solution of these equations is considered as an initial-value problem
in time. It is assumed that the state of the diode is known at time = t.
By the given equations _he changes in the diodes state are calculated for
a time interval _t = h and thus its state is determined for the time
(t + h). The parameters are recalculated periodically and the operation
of the diode is followed in time. The differential operator in time is
replaced by a forward difference operator. This means that the term
(_f(x,t) _f(x,t + h) - f(x,t) ) in all_t ) is replaced by the formula
equat ions.
The differential operator in space cannot be replaced so simply. It
is assumed first that the diode space is divided into "N" equal cells, so
p = d/N. The values p(x t) and v(x t) are the average charge densi-
n' n'
ties and velocities of a particular stream in these cells. The solution
has to be derived separately for the stream traveling in the positive
direction and for the part that travels in the negative direction.
Let us consider first the part that travels in the positive x
direction (p+_v_).) The first term in Eq. (i) is replaced by the expres-
• P+(Xn't P+(Xn,t)
slon h according to our earlier discussion. This
equation expresses the conservation of charge and it gives the value of
t + h) as a function of p+(Xn,p+(x n, t) and it also depends on the
value of the second term. Since this equation expresses the conservation
of charge in cell "n", the charge in this cell at time t + h is given
by the charge which was there at time t (P(Xn,t)) , the amount of charge
which left_ the cell during one time step k(given approximately by P(Xn,t ) '
V(Xn,t)) and the charge which entered from a neighboring cell. Since
this part of the stream travels in the positive x direction, the
charge that entered into cell "n" had to enter from the cell "n-l", i.e.,
from the cell which lies in the direction of decreasing x. Consequently,
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the backward difference operator has to be used for the spatial operator
when this part of the stream is considered. This changes Eq. (1) to the
form
p+(.n,t+ h) - p+(.n,t)
h p
P+(Xn,t) v+(Xn,t) -p+(Xn_l,t) v+(Xn_l,t)
+ = 0
Eq. (5) can be rearranged giving:
p+(Xn,t + h) = p+(Xn,t) - _ p+(Xn,t)v+(Xn,t ) - p+(Xn_l,t)v+(Xn_l,t
(6)
Eq. (2) can now also be written in difference-equation form for the func-
tions p+ v using again a forward difference operator to replace the' +
time derivative and a backward difference operator to replace the deriva-
tive in space. The resulting equation can be brought into the following
form:
hip v2(Xn ,t )p+(Xn,t + h) v+(Xn, t + h) = p+(Xn,t ) v+(Xn,t ) - P +(Xn,t )
iO+(Xn-i 't) v2+(Xn-l't)l + qm h _+(Xn,*1_, _,:(Xn,t1' (7)
2
The values of p+(Xn,t + h) are calculated from Eq. (6) and then
t + h) Hence if the quan-Eq. (7) gives the average velocities v+(Xn, . ,
titles v+ p+, and the electric field E(x t) are known at time t
n p P
the values of q+, v+ can be calculated for time (t + h) with the help
of Eqs. (6) and (7). Thus we have obtained our goal and the motion of
the stream can be followed in time with a step-by-step procedure. It is
.assumed here that the parameters h and p are chosen so small that by
decreasing their values further no significant change is obtained in the
final results. Furthermore, there is a maximum value for the ratio p/h
for which the equations are valid. Since the charge at cell x at time
n
t + h depends only upon the values of charge and velocity of the stream
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at time = t in the cells located at x and x during one time
n n-l'
interval At = h no charge could arrive in this cell from a distance
further away than lkx = p. This means that the velocity of the stream
at any point should not exceed the value (p/h) and hence, we have the
condit ion :
p/h > MAX[v+] (8)
Equation (8) states that for every given p (given number of cells)
there is a maximum h (time step) for which the calculations are mean-
ingful. In practice we choose p and start the calculations with a par-
ticular h until the velocity in the diode exceeds p/h. If this occurs,
the calculations are restarted with a smaller value of h.
When the motion of the negatively traveling stream is calculated,
similar arguments show that the forward difference operator has to be
used to replace the spatial differential operator. The equations of
motion become:
p_(Xn,t + h) - p_(Xn,t) - _ _(Xn+l,t) v_(Xn+l,t) - p_(x n
and
,t) v_(Xn, t)
(9)
t + h) v (x ,t + h) = p (Xn,t) v (Xn,t) h _' - n - - - P -(Xn+l't) v2-(Xn+l 't) -
P-(Xn't) v2(Xn 't)] + qm h _O_(Xn,t ) E(xn,t )
(io)
The motions of the streams can therefore be calculated by the outlined
procedure; only the electric field is to be determined. Upon writing
Eq. (3) in a difference-equation form we arrive at the following equation
n
E(xn,t ) = - E + p _ lOT( t)(1 1o e-- Xk' - 2 5k,n )
o
k=l
(il)
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where 5k, n is the Kroenecker delta, i.e., 5k,n = 1 for k = n, 0
otherwise, and PT(Xn,t) is the total average charge density in cell
"n", at time t. Applying the boundary condition Eq. (4) , E is
o
determined as follows.
N n
V
appl _ 1 (12)
o
n=l k=l
where N is the number of cells in the diode space.
The derived equations are now programmed into a digital computer
and calculations with the stream model will begin shortly.
Project 0311: PINCH EFFECTS IN PLASMA BEAMS
Tri-Service Contract Nonr-225(24)
Project Leader: D.A. Dunn
Staff: J.W. Christie
The purpose of this project is the study of transients and instabili-
ties in beam-generated plasmas•
The final report is in preparation.
Project 0312: AMPLIFICATION IN BEAM-GENERATED PLASMAS
Air Force Contract AF33(657)-11144
Project Leader: D. A. Dunn
Staff: J.E. Simpson, W. Nichparenko
The purpose of this project is the study of the amplification of waves
on an electron beam resulting from the passage of the beam through a plasma
produced by the beam itself.
EXPERIMENTAL RESULTS
A new larger diameter interaction chamber was installed on the experi-
ment. With this new tube the beam-generated plasma is formed inside a
glass cylinder 0.860" I.D. as compared to 0.260" I.D. in the previous
experiments. The total length remains at 20 inches.
With the new tube, the total-glow regime is again observed. At low
beam currents the plasma is formed within the 2 mm diameter of the beam.
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bAt increased currents the plasma suddenly springs to a larger diameter
forming the total-glow state. While this discharge had filled the .260"
I.D. tubes, it is observed to be about a half inch in diameter in the
larger tube, decaying in intensity at larger radii. At gas pressures of
1 micron in argon, the total-glow diameter is larger than at 10 microns.
In addition, at high pressures, the discharge tends to show several steps
in diameter as the beam current is increased.
The beam current required to establish total glow in the tubes of the
two diameters was compared for a number of conditions of pressure, voltage
and magnetic field. In the 1 micron pressure range with argon, the large-
diameter tube took less current in most cases. At higher pressures, where
the transition is not well defined, no clear comparison was possible.
Measurements of gain between two cavities outside the .260" tube were
made as a function of the spacing between the cavities. At 1000 Mc an
increase in signal from -10 db minimum to a 4 db maximum gain occurred
over a 7 am distance, with a superimposed standing wave of 5 db peak-to-
peak. At 1500 Mc the signal decreased by 4 db over the same distance.
Using the apparatus indicated in Fig. 11 the variation of plasma
density with beam current, beam voltage, and magnetic field was studied
PLASMA TUBE
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FIG. II. DYNAMIC DISPLAY OF DENSITY VARIATION.
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in the .260" diameter tube. In this display the cavity resonance appears
as a spot on the oscilloscope with its height proportional to the fre-
quency. Markers separated by twice the tuned frequency of the radio re-
ceiver are used to calibrate the vertical scale, while the horizontal
scale represents the independent variable. The resonant frequency of
the cavity varies in proportion to the total number of electrons in the
cross-section. Whenthe plasma occupies only the beamdiameter, this
number is proportional to the beamdensity which is given by the relation
1010 3
n = 3.6 × per cm Mc. The simultaneous display of the cavity fre-
quency and the markers permits errors due to drift and power line tran-
sients to be identified as in the case of the step in Fig. 12c.
Density varies linearly with beam current, until the onset of total
glow, occurring in Fig. 12a at 4.5 ma. Variation with beam voltage in the
low-current regime illustrated in Fig. 12b reveals the change in ionizing
cross-section as a function of beam voltage.
In Fig. 12c the density is shown to be proportional to magnetic field.
This dependence on field indicates the importance of radial drainage of
the argon plasma. The work of Dunn and Self [Ref. 1], assuming purely
longitudinal flow, predicts a much higher density independent of B. In
helium at 5 microns, the density is nearly independent of B and within
a factor of 2 of the Dunn and Self prediction. Since radial flow requires
collisions, a reduction in pressure should make longitudinal flow more
important. At 0.2 microns in argon this effect was observed. The density
is proporti0nal to B up to 1000 gausses and then remains constant.
Project 0313: COMPUTER EXPERIMENTS ON BEAM-GENERATED PLASMAS
Signal Corps Contract DA 36-039 AMC-00094(E)
Project Leader: D. A. Dunn
Staff: A.S. Halsted
The purpose of this project is the study of a beam-generated plasma
using a computer model in which transverse motion of beam and plasma
1D. A. Dunn and S. A. Self, "Static Theory of Density and Potential Dis-
tribution in a Beam-Generated Plasma," TR No. 0311-1, July 1963, Stanford
Electronics Laboratories, Stanford University, Stanford, Calif.
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particles are allowed. Plasma oscillation and beam focusing effects are
being studied on the computer.
A. STATIC THEORY OF A BEAM-GENERATED PLASMA
The work on the static theory of plasma generation in cylindrical
geometry has been completed and is summarized in a paper "Static Theory
of Density and Potential Distribution of a Cylindrical Plasma Column,"
[Ref. I] by A. S. Halsted. The abstract of this paper is presented below.
"The equilibrium conditions existing in a low-pressure plasma column
are considered assuming radial drainage of ions to the wall. Exact solu-
tions for the plasma density and potential distribution valid throughout
the plasma and sheath are presented for both the beam-generated plasma
and glow discharge. For a beam-generated plasma, knowledge of either the
plasma electron temperature or the axial electron density is normally
sufficient to determine a unique set of equilibrium conditions. When the
beam partially fills the space, a low-potential sheath forms at the edge
of the beam which is separated by a region of slowly varying potential
from a second, higher-potential sheath at the wall. The plasma density
at the beam edge is less than half of the value on the axis. The radial
electric field acting on the beam is found to account for ion-focusing of
electron beams."
In the previous QRR, the equations of the static theory in cylindrical
geometry were obtained and the solutions for a beam-generated plasma with
the beam filling the space were presented. As an illustration of the type
of solution obtained when the beam only partially fills the space, consider
the case of an electron beam of radius r moving axially through a tube
c
= 3. The radial variation of theof radius rw in argon gas with rw/rc-
normalized potential _ = (eV/kTe) is shown in Fig. 13 for different
values of the dimensionless parameter 5, where _ is approximately
equal to the ratio of Debye length of the plasma to the beam radius, and
may be calculated for a given experiment if the plasma electron tempera-
ture, the axial electron density, or the Debye length is known. For a
iSubmitted to the Journal of Applied Physics.
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different type of gas, the general shape of the potential profile is the
same except for a change in the height of the sheath at the wall.
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FIG. 13. RADIAL VARIATION OF POTENTIAL FOR
DIFFERENT VALUES OF _ FOR AN ELECTRON
r = 3BEAM IN ARGON WITH r w c
The potential in the region of the beam is observed to vary only
slightly with _ and to have a total drop of about (kTe/e) volts from
the axis to the edge of the beam. The fact that the space-charge forces
which would normally cause the beam to spread radially in the absence of
the plasma have been replaced by a radial confining force is of particular
interest to us, and is discussed in the following section.
B. GAS FOCUSING OF ELECTRON BEAMS IN A BEAM-GENERATED PLASMA
Up to this point we have been concerned with the dc state of the
plasma created by an electron beam of fixed density and position. We
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wish now to consider what happens to the beam if we allow it to move
radially under the influence of the space-charge fields in the space.
The static theory predicts that:
1. If the beam current and voltage and the gas pressure are high
enough to generate a plasma in the space,
2. If the ions and electrons drain radially to the walls, and
3. If the electron beam flows along the axis of the tube and is not
scattered by collisions or rf processes,
then the electron beam will be confined near the axis of the tube. We
have found that a number of experiments satisfying the above conditions
were conducted in the 1930's, and "gas" or "ion" focusing of electron
beams was clearly observed. The following experimental observations are
pertinent to our study:
i. Beams of constant cross section and up to one meter in length were
observed at i00 - 600 volts.
2. "Knotted" beams, i.e., beams with periodic focus points, were
observed. Such a beam shape requires an approximately parabolic
potential well in the region of the beam (see Fig. 13).
3. The measured variation in radial potential agrees with that pre-
dicted by the static theory [Ref. 2].
4. The dependence of the focusing fields on the pressure and type of
gas is as predicted by the theory [Ref. 3].
Encouraged by these results, ion focusing of electron beams is now
being studied to provide further experimental verification of the static
theory, and the static theory is being applied to understand the results
of our own beam-focusing experiments. The experimental work on ion focus-
ing is being conducted under Project 0321.
2W. Rollwagon, ZS f. Phys., 89, 395 (1934).
3E. F. Richter, Phys. ZS, 34, 457 (1933).
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Project 0321: ELECTRON BEAM FOCUSING IN IONIZED GASES
Army Contract DA 36-039 AMC-O0094(E)
Project Leader: D. A. Dunn
Staff: R.P. Lagerstrom, A. S. Halsted
Studies of the potential distribution in a beam-generated plasma
[Ref. i] have indicated that a potential distribution is produced in the
vicinity of the beam that is self-focusing, i.e., beam electrons will be
returned toward the axis if they start to leave the beam. Low-convergence-
angle, kilovolt beams have been reported in previous QRR's to spread ap-
preciably slower in gas at 10 -5 to 10 -3 -6mm Hg than in high vacuum (i0 mm
Hg or less). Marked concentration of the beam persisted along the beam as
far as 6 times the cathode-anode spacing, but the beam was apparently
always spreading--first slowly and finally rapidly--after an initial con-
centration in the anode region.
New parts have been fabricated this quarter which make the experi-
mental apparatus similar to that used in experiments in the 1930's in
which focused beams (knotted beams) and beams of constant diameter (fila-
ment beams) were observed at 100-600 volts. These early experiments and
additional studies on ion-focusing are discussed under Project 0313. The
changes to the apparatus and some preliminary test results are discussed
below.
A. CHANGES IN THE APPARATUS
A stand has been placed inside the 18-inch-diameter bell jar which
allows open-ended glass, mesh, or metal tubes of diameters up to 2 1/2"
to be mounted coaxially surrounding the beam. We expect that this de-
crease of the radial distance from the beam to the wall will increase
the plasma density in the region of the beam, reduce the end effects in
the space, and cause the drift of the ions to be more nearly radial. These
changes will bring the experiment more into line with the model assumed in
deriving the static theory [Ref. 2].
ID. A. Dunn and S. A. Self, Jour. of Appl. Phys., 35, 113 (1964).
2project 0313, herein.
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A small, circular "ion trap" aperture has been mounted down-stream
from the anode aperture. External voltages may be applied through glass-
coated leads to the ion trap and to the mesh or metal tubes.
In the gun region of the tube, the cathode-heater spacing has been
increased to yield a higher V/I bombarder characteristic. The external
shaft and gear arrangement, which allows the anode to cathode spacing to
be varied while the tube is in operation, has been rebuilt to give more
dependable operation. Several hollow, conical caps, such as were employed
by experimenters in the 1930's, have been fabricated, and these may be
placed over the anode to reduce the beam diameter.
B. PRELIMINARY TEST RESULTS
All of the results which are discussed below were obtained from
measurements on a fan-shaped beam with an ellipsoidal cross section.
Major and minor diameters were I" and 1/4" respectively at a height of
I0" above the anode. This undesirable initial condition may have been
due to contamination of a part of the cathode surface and the cathode is
being replaced. Since the beam had a considerable transverse velocity
component in the wide dimension, different phenomena could be observed
when the beam was viewed from the wide or the narrow side.
The most interesting behavior was observed when the beam was sur-
rounded by an 8-inch long, 1-inch diameter glass tube with a wire mesh
fitted snugly inside the tube. By varying the potential on the mesh, the
potential along an 8-inch length of the beam could be controlled. At low
gas pressures (10 -5 mm Hg), the wide dimension of the beam just filled
the tube at the top.
At pressures above 10 -4 nun Hg, the narrow beam (i.e., the beam as
viewed along the wide diameter) remained approximately 1/8" wide through-
out the length of mesh as long as the mesh wall was held _ -50 volts with
respect to the anode. The "wide" section of the beam, for the same wall
potential, contracted so as to clear the mesh by about 1/8" at the top
of the tube. At wall potentials of > -i0 volts, the beam spread at the
normal rate it would in the absence of the mesh.
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At a pressure of 3 × I0 mm Hg, the expansion of the wide section of
the beam could be halted by making the wall voltage approximately -i00
volts. The beam then spread to a width of 1/2" in the mesh tube before
contracting to 1/4" at the top of the mesh tube. The beam remained fila-
mentary in the narrow plane.
The total current to the walls was zero when the mesh was held at
-20 volts. Alternatively, if the mesh were allowed to float, it would
assume a measured potential of -20 volts.
The above behavior was noted at a beam voltage of i000 volts. Similar
effects were noted down to 300 volts.
Our explanation of this behavior is as follows: When the mesh voltage
is reduced to less than -20 volts, the plasma electron current to the
walls is reduced. The axial potential in the tube will be required to
drop a small amount so that a potential rise at the ends of the tube may
form to draw out the plasma electron current which no longer reaches the
wall. The ions continue to be drawn to the mesh walls, and are stopped
from flowing out the end of the tube by the potential which is aiding the
electron flow. Consequently, we obtain a predominantly radial flow of
the ions to the wall when the mesh is held more negative than -20 volts.
The static theory [Ref. 2] is based upon the assumption that the ion
flow to the walls is radial, so that when this condition is satisfied we
would expect to observe the focusing effect predicted by the theory.
Experimentally, this is indeed the case. The strength of the focusing
fields increase with the plasma density and temperature, so that as we
go to high pressures, the focusing force increases until we are finally
able to confine the electrons which had an initial transverse velocity
in the fan beam.
Project 0322: NOISE GENERATION IN PLASMAS
Air Force Contract AF33(657)-II144
Project Leaders: O. Buneman and D. A. Dunn
Staff: K. Thomassen and J. Hosea
The purpose of this project is the study of mechanisms of noise
generation in plasmas and methods of coupling noise out of plasmas.
The last two reports have been concerned with the mechanism for noise
generation in a Voltage Tunable Magnetron. This work has been published
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in a letter to the Proceedings of the Institute of Electrical and Elec-
tronics Engineers and we have now shifted our attention to the study of
noise in plasmas.
We intend to begin our investigations of noise using a P.I.G. dis-
charge, a plasma source which has been used here in other studies and
whose properties are therefore reasonably well understood. Our studies
will follow two different lines; we will look at the noise due to insta-
bilities associated with "anomalous diffusion" and that due to the insta-
bilities and nonlinear effects associated with "anomalous resistance."
A. ANOMALOUS DIFFUSION
A crucial question in controlled fusion research is whether the dif-
fusion of plasma across a magnetic field is solely a collisional process
or whether more complicated effects contribute. Since collisional dif-
fusion gives a lower limit to the actual diffusion rate it is important
to know what are the causes for the anomalous effects which have been
seen in various experiments. Reviews of the theories and experiments on
this subject have been given by Hoh [Ref. i], Lehnert [Ref. 2], and
Boeschoten [Ref. 3].
It seems that no single effect or instability can explain the many
experiments in which "anomalous" diffusion is found. While the mechanism
responsible in the dc glow discharge was quite well explained by Kadomtsev
and Nedospasov [Ref. 4] there have been other experiments in hot and cold
cathode P.I.G. discharges (which are quite different), rf discharges, and
high-current high-pressure arc discharges, etc., which have not yet been
satisfactorily explained. In all experiments, however, there appears to
IF. C. Hoh, Rev. Mod. Phys., 34, 267 (1962).
2B. Lehnert, "International Conference on High Magnetic Fields," Nov
1961, M.I.T.
3F. Boeschoten, J. Nucl. Energy, Part C6, 339 (1964).
4B. B. Kadomtsev and A. V. Nedospasov, J. Nucl. Energy, Part CI, 230,
(1960) .
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be a simultaneous onset of noise when the critical field is reached (the
field at which the anomalous behavior is first exhibited). The character
of this noise is different in the cold-cathode P.I.G. discharge, the rf
discharge, and the hot-cathode P.I.G. discharge which we intend to study.
Since the role of micro-instabilities in anomalous diffusion may be
very important we will begin by attempting to measure the frequencies and
longitudinal wavelengths of the noise in the discharge. To do so, a move-
able coaxial probe has been constructed as shown in Fig. 14. The box at
the left contains a cylindrical hollow cathode (hot), a focusing anode
32661
FIG. 14. REFLEX DISCHARGE AND COAXIAL PROBE SYSTEM.
whose diameter gives the size of the plasma, and a reflecting plate at
cathode potential. The discharge is about 2 feet long and 1 inch in
diameter and is terminated in a cylindrical hollow anode and reflecting
plate which serves as a cold cathode. It is immersed in a magnetic field
of up to 1300 gauss. The moveable probe system is contained in a 4" diameter
glass cylinder which surrounds the discharge tube (but is not concentric
with it). By using appropriate flanges the chamber can be made vacuum
tight. The probe penetrates the flange through a standard double-Wilson
seal and then makes a right angle bend and enters the plasma through an
18 inch longitudinal slit in the smaller diameter (1-3/4") tube, allowing
one to determine the variation of noise (giving the wavelength along nearly
the entire length of the system).
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6The measurements of noise are just now beginning as our first mea-
surements were directed toward determining the discharge parameters. For
example, the density and electron temperature were measured as a function
of radius using a moveable Langmuir probe. Since the discharge was pulsed
we also measured the change in these profiles with time. Figure 15 shows
a typical plot of density and temperature vs time taken next to the edge
of an argon plasma with a discharge current of 30 amp (during the pulse)
and with 300 gauss magnetic field. Figure 16 shows the variation of
density with radius (the temperature is nearly constant in radius) for
various times in the after glow. The discharge is initially hollow due
to the hollow cylindrical cathode but rapidly fills in.
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FIG. 15. DENSITY AND TEMPERATURE VARIATION IN THE AFTERGLOW.
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FIG. 16. DENSITY AND TEMPERATURE PROFILES IN TIME.
B. ANOMALOUS RESISTIVITY
A plasma composed of two or more populations of charged particles,
in which at least one of the components differs in drift velocity from
the rest, is capable of supporting "drift instabilities" under certain
conditions. These instabilities were studied by E. A. Jackson [Ref. 5]
for a plasma made up of two Maxwellian components. The conditions for
growth of fluctuations with periodicity _ were found to depend upon the
relative drift velocity (u) between components and on the temperature
of each population (_ was measured in the direction of the drift).
Briefly, for a fixed _, growth occurs between upper and lower limits
of u determined by the temperatures of the two streams.
5
E. Atlee Jackson, "Drift Instabilities in a Maxwellian Plasma," Phys.
of Fluids, Vol. 3, No. 5 (1960).
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tO. Buneman [Ref. 6] has shown that the drift instabilities can con-
sume the energy of the drift in a few tens of plasma periods. Small fluc-
tuations in the plasma (existing prior to the drift) are amplified by the
drift instability mechanism to a high level producing noise and bunching
of electrons. Drift energy is transformed into random energy of the
electrons and ions through collective collisions (collisions between
bunches of electrons and ions) causing an increase in the effective tem-
perature of the plasma. The resulting resistivity of the plasma is much
greater than that attributable to individual electron-ion collisions and
is denoted as anomalous resistivity. Anomalous resistivity has been
measured [Ref. 7] by loading a reentrant cavity with a hydrogen plasma
and monitoring the reflection coefficient looking into the cavity vs
power applied to the cavity. Qualitative results indicate that a resis-
tive mechanism does exist.
We are continuing the previous experimental work with emphasis now
placed on the noise produced by the drift instability and the coupling of
this noise out of the plasma. The experimental apparatus consisting of
a P.I.G. discharge and microwave cavity is shown in Fig. 17. The plasma
is pulsed and investigations are made during the afterglow. A drift is
imparted to the electrons during the quiescent afterglow by the axial E
field of the TM010 cavity, and instabilities and noise ensue.
TMolo CAVITY_MAGNET
n n nGRID
--_ _/ANODE -CATHODE
GUN
3266q.
FIG. 17.
TMoI 0 CAVITY ON P.I.G. DISCHARGE.
60. Buneman, "Dissipation of Currents in Ionized Media," Phys. Rev.,
115, NO. 3 (1959).
7K. Thomassen, J. Appl. Phys., to be published, January 1965.
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NEW PROJECT
Project 0323: HIGH POWER MICROWAVE TRANSMISSION IN MULTIMODE
CYLINDRICAL WAVEGUIDE
Tri-Service Contract Nonr-225(24)
Project Leaders: D. A. Dunn and W. K. Linvill
Staff: W. Lowenstern
This project is a theoretical evaluation of the use of a cylindrical
waveguide operating in the TE01 mode as a means for transmitting large
blocks of power of the order of 1GW over long distances.
There has been what is apparently a major effort in the Soviet Union
in recent years devoted to high power electronics under the direction of
P.L. Kapitsa [Ref. i], including waveguide transmission of microwave
power. Recently there has been considerable interest in this country in
the transmission of large blocks of microwave power [Ref. 2]. In much of
this work the problem of waveguide transmission is examined briefly and
it is found that ordinary dominant mode guide has excessive loss and that
multi-mode TE01 mode guide can have a sufficiently low loss to be interest-
ing as indicated in Fig. 18. In addition, it has been pointed out that the
problem of rf breakdown is negligible in a guide with sufficiently low
copper loss and that there are no corona losses, insulation breakdowns,
or atmospheric effects in a closed waveguide. All of which sounds very
favorable.
The problem turns out to be one of mode conversion from the desired
TE01 mode to other modes such as the TEl2 mode which have high loss rates.
The TE01 copper loss is then not the entire loss. This mode conversion
problem has been examined in detail in a communications context at Bell
Telephone Laboratories and reduced to one of mechanical tolerances. It
is the purpose of this project to make a preliminary analysis of this
problem of mode conversion in a power transmission context and to make
some estimates of the cost of a waveguide transmission system, including
the tradeoff between the costs of smaller tolerances and the costs of in-
creased power loss. To make a system comparison with a conventional 60
ip. L. Kapitsa, "High Power Microwave Electronics," Macmillan, N.Y. (1964).
2E. C. Okress, et al., IEEE Spectrum, i, 76, Oct 1964.
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cycle system or a dc system it will be necessary to include terminal
equipment costs and losses. At present such equipment does not exist,
but some reasonable extrapolations of existing devices can be made.
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FIG. 18. THE SOLID LINES SHOW THE RANGE IN KILOMETERS FOR 1DB
OF POWER LOSS OF MICROWAVE ENERGY IN THE TE01 MODE IN CIRCULAR
WAVEGUIDE AS A FUNCTION OF FREQUENCY AND WAVEGUIDE DIAMETER.
The dotted lines are the ratio of frequency (f) to the cutoff
frequency (fc) of the TEO1 mode and are an indication of the
number of spurious modes which can propagate. For instance
a guide with f/f = 0.3 can propagate about 9 other TE
c
modes and one with f/fc = 0.1 can propagate more than 40
modes.
It is anticipated that at the end of this project we will be able to
conclude that the costs are either: i) excessive to the point where
further studies are not worthwhile or 2) low enough to justify some pre-
liminary experimental work. It is probably going to be impossible to
make any firm statements of the positive feasibility of such a system
without experimental work.
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Project 0414: EMISSION OF ELECTRONS IN SOLIDS
Tri-Service Contract Nonr-225(24)
Project Leader: H. Heffner
Staff: M. Cowley
The final report on this project is in preparation.
Project 0415: UTILIZATION OF OPTICAL MASERS
Tri-Service Contract Nonr-225(241
Project Leader: H. Heffner
Staff: H. Sonnenberg
The object of this project is to investigate possible ways of utiliz-
ing the unique properties of the laser.
The experiment proposed in the last report appears to have been suc-
cessful. Consistent results were obtained in the following manner:
The laser beam was focused onto the silver surface, by a lens which
was held by a micromanipulator to allow fine adjustment of the area of
the beam on the metal surface. The film was oriented such that the angle
of incidence was near the optimum (einc _ 80 ° . See Fig. 30 of last
quarter's report). Critically adjusting the area such that consistently
no photomultiplier readings were obtained when the reflected beam was
passed through a filter CS 3-66 to remove second harmonic, and then re-
placing this filter with a CS 3-69 Filter (See Fig. 19) which just passes
the second harmonic, an indication of second harmonic appears to have
been obtained.
In the first experiment of this type, approximately 40 pictures with
consistent results were obtained. Consistent here means that every time
the CS 3-66 Filter was inserted, no photomultiplier readings were obtained,
and when the CS 3-69 Filter was substituted, readings were obtained. From
Fig. 19 we see that substituting the CS 3-66 Filter for the CS 3-69 Filter
reduces the area under the photomultiplier response curve by about a
factor of 1/2, which has the effect of lowering the sensitivity of the
detector to broadband radiation by the same factor. So it is conceivable
when only one or two photons are detected that the consistency in results
may have been due to such an effect. To rule out this possibility, a
CSO - 51 Filter (See Fig. 19) was substituted for the other two filters,
and the number of photons per pulse compared to the case in which the
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FIG. 19. SUPERPOSITION OF FILTER CHARACTERISTICS
ON THE PHOTOMULTIPLIER CHARACTERISTIC. The
second harmonic is at 5300 A.
CS 3-69 Filter was used. The results were essentially identical, verify-
ing that the radiation being detected is confined to the region between
the two Filters CS 3-69 and CS 3-66. On the average, about two to three
photons per laser pulse were obtained, which corresponds to approximately
-15
i0 watts of second harmonic power. This is within about one order of
magnitude of the calculated second harmonic power.
In later experiments, the results obtained were not as decisive
as in the first experiment, but on a statistical basis, the results were
always positive.
At present, a scheme in which counters are to be used to collect data
is being set up. This technique may enable us to determine experimentally
the behavior of the second harmonic upon the angle of incidence, and
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depending upon how well this scheme works, it may be possible to verify
the quadratic intensity dependence and the inverse area dependence of
the second harmonic.
p2
w 10-24
P2w A ×
Project 0558: INVESTIGATION OF NOISE IN ELECTRON GUNS
Army Contract DA 36-039 AMC-00094(E)
Project Leader: A. E. Siegman
Staff: M. O'Flynn
Technical Report No. 0558-1 by Michael O. O'Flynn, entitled "Monte
Carlo Investigation of Noise in an Incipient Space-Charge Diode," is in
process of publication. Upon its completion and distribution this pro-
ject will be terminated.
Project 0572: INFRARED AND SUBMILLIMETER MASER STUDIES
Air Force Office of Scientific Research Grant No. 323-63
Project Leader: A. E. Siegman
Staff: Guido Francois
This project presently aims at mixing into an appropriate crystalline
material a visible laser output with infrared or far infrared radiation
in order to obtain sidebands of the laser light. This will allow measure-
ment of the relevant nonlinear dielectric matrix elements of various
crystalline materials and evaluation of the possibilities for difference
frequency generation at infrared frequencies and for optically pumped
parametric oscillations. These are also important quantities for evalua-
ting the light modulation capabilities of the materials.
In the course of this quarter we have completed the theory of the
influence of a gaussian beam spread on the angular spectrum of the second
harmonic power generated in a KDP type crystal. Various experiments have
shown excellent agreement with this theory. These experiments have re-
quired the development of special equipment for studying the transverse
profiles of cw laser beams in detail. A first attempt has been made
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to measure the coefficient d36 in ADP. Also, a commercial firm has
agreed to try growing a single crystal of AgN03. This material is the
most promising one for the mixing of the 3.39 _ and the 6328 A lines of
the He-Ne laser.
The second-harmonic power generated by a single plane wave in a
crystalline material, oriented at or near the index matching angle, fol-
lows a [(sin _)/_]2 law, where _ = _ p and p is the angular devia-
tion from the index matching angle. The constant _ ranges from 10 3 to
10 4. A cw laser beam can be expanded in a set of plane waves. If the
beam is diffraction-limited and has a uniphase wavefront with gaussian
intensity distribution, its plane-wave expansion will have a guassian
distribution. The total harmonic output generated by the beam is the
superposition of a continuous set of elementary plane harmonic waves,
each of which results from the two-by-two interaction of the fundamental
waves. The angular spectrum of the harmonic output as a function of the
crystal orientation _ is given by:
o r_ 2 XJjLsin t + e- d_(d2/2) 2 +
(1)
The constant d is defined in the focus of the diffraction-limited beam
as the radius at which the field of the laser beam is down by a factor
e from its value in the center of the beam. The parameter r represents
the distance from the flat mirror to the crystal.
Several experiments have confirmed the following facts predicted by
(1):
i. The dependence of the harmonic output on the spacing r between
a plane of collimation or focus and the crystal is given by
(d2/2) 2
(d2/2) 2 + (rd/2R) 2
1-43 SEL-64-133
2. The angular dependence is given by the convolution integral of
(1); and this angular dependence is independent of the spacing
of the crystal from the laser.
3. The standard deviation ff of the gaussian function can be cal-
culated and the experimental patterns can be reproduced on the
computer if one uses the proper value of ft.
In order to measure the exact size of the laser beam, we have mounted
a small detector (.0015" diam.) on a two-dimensional micropositioner.
The detector is a silicon solar cell mounted behind a thin Be-Cu plate
which had previously been perforated by a pulsed ruby laser. The hori-
zontal motion of the positioner is driven by a stepmotor and the range
is determined by two limit switches with micrometer screw adjustment, as
in Fig. 20. The forward and the return speed are individually adjustable.
A 4-pole, double-throw relay commands the entire cycle of motion. Figure
21 gives a few horizontal scans of a laser beam. The different curves
are taken at different settings of the vertical micrometer of the
micropositioner.
FIG. 20. EQUIPMENT FOR STUDYING THE TRANSVERSE PROFILE
OF CW LASER BEAMS.
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FIG. 21. CURVES i THROUGH 16 GIVE
THE TRANSVERSE POWER DENSITY IN A
LASER BEAM. Each curve results
from a horizontal scan. Scans
are made at vertical intervals
of 0.I ram.
33021
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We have used this equipment to make a complete record of the beam
used in the measurement of d36 in ADP. In order to do so, we have
driven the vertical micrometer at the rate of 1/8 rpm. The amplified
photodetector output was sent to adc to frequency converter. The out-
put of this instr1±ment was then recorded on magnetic tape. The radio-
science division of the Stanford Electronics Research Laboratories has
then transferred the information on to punched cards. A computer program
which will process the information and produce a contour plot is in
preparation.
Besides requiring a knowledge of the exact pattern of the laser
beam, the measurement of d36 also depends on a delicate and difficult
calibration of the photomultiplier. Rather than project a precisely
known amount of energy at or near 3164 A on the cathode of our photo-
multiplier, we have compared the second harmonic output of the crystal
with a known amount of fundamental light. We are presently studying the
problem of determining the ratio of the quantum efficiencies of the photo-
multiplier at 3164 A and 6328 A.
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Project 0576: MICROWAVE LIGHT MODULATION METHODS
Air Force Contract AF33(657)-LLI44
Project Leader: S. E. Harris
Staff: O.P. McDuff, L. M. Osterink,
J. Markiewiecz, H. Hayami
This project will investigate methods for the modulation and demodu-
lation of light at microwave frequencies, with particular emphasis on
frequency modulated light.
Work during the previous quarter has been directed toward the develop-
ment of a complete theoretical understanding of the FM laser [Ref. I] and
an experimental demonstration of similar operation in an argon laser having
appreciably larger fluorescent linewidths than the He-Ne laser of Harris
and Targ.
A. THEORY
A first-order theory has been obtained for the stable FM operation of
a laser having an intracavity phase perturbation driven at a frequency
which is approximately but not exactly that of the axial mode spacing.
These results appeared in Applied Physics Letters in November, 1964,
entitled "FM Laser Oscillation - Theory," by S. E. Harris and O. P. McDuff.
The basis of these calculations was the self-consistency equations of
Lamb [Ref. 2]. Here, one assumes a cavity electromagnetic field of the
form
= cos EVnt+  n(t)3 Un(Z )
n
where En, Vn, and _n are the amplitude, circular frequency, and
phase of the nth mode and U (z) = sin (n_z/L). By assuming a dielectric
n
perturbation having a time-varying susceptibility at the modulation fre-
quency v and occupying a length a of the laser cavity, the contribution
m
1
S. E. Harris and Russel Targ, Applied Physics Letters, November 15, 1964.
2W. E. Lamb, Jr., Physical Review, 134, A1429 (1964).
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of the dielectric perturbation to the polarization of the nth cavity
mode is obtained. Assuming that the driving frequency y is approxi-
m
mately but not exactly equal to the cavity mode spacing _(e.g.,
y - /X_ = _v) neglecting all mode coupling effects between those except
m
immediately adjacent modes (other terms are smaller by _ _y/_), and
assuming that the linear atomic susceptibility _ of the laser medium
cancels the losses of a given mode, we obtain recursion relations which
have the steady-state solution
where
Qn = nK
E = (r)
n n
P- 5
and 8 is the peak single-pass phase retardation of the dielectric
perturbation.
It is worth noting that this solution does not represent a sweeping
of the frequency of each __A_,,v_across the A^__I_ _,ew_d_h. In _h_
absence of coupling of one mode to another, this individual-mode FM is
important. It would occur if the dielectric perturbation were distributed
uniformly spatially over the whole cavity. In the above solution, this
individual-mode FM is a higher order effect and is neglected.
The series form of solution obtained above has been cast into closed
form. We had, rewriting in terms of a center frequency _0 = Noxz/L
of the FM signal
E(z,t) =
00
Jn(r) Cos[(_ O + n Vm) t + n x3Sin
n_-00
(N o + n)g z
L
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Using various trigonometric and Bessel identities, one obtains a
traveling-wave form
(s1 oE(z t) = _ in t + -- + 1_ Sin(v t +' o L m
1
in + I_ Sin(v t -
- 2 o t L m
Each term in this equation represents a carrier traveling at light
velocity but which is phase modulated, the phase term traveling at a
slightly different velocity. The net result is a traveling phase-
modulated signal whose phase relative to some reference point changes
slowly with time. The total field is seen to be the sum of a (+) travel-
ing and (-) traveling wave. In standing-wave form, the solution becomes
 cosT]E(z,t) = Cos °t + I_ sin Ym
I_N°_z _It sinX Sin + F cos v m --
As this shows, the total field at no point inside the cavity is FM except
at the ends where the amplitude is zero. This means that one wants to
couple out of the cavity only one of the traveling waves. A nonperfect
end mirror does this approximately while a brewster-angle polarizer inside
the cavity also does this, in effect, when taking the reflection of the
orthogonal polarization.
It has been noted that if the dielectric perturbation is multiple-
frequency a more complicated recursion relation for the E results but
, n
that the lower-order Bessel terms in the expansion of a multiple-frequency-
modulated FM signal satisfies this recursion relation. An obvious appli-
cation is the synthesis of waves with prescribed frequency vs time
characteristics.
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Basic problems which are being studied are the effects of saturation
of the laser medium and the quenching of the original modes of the un-
perturbed laser by the F_mode of operation described. In the place of
each of these original modes, there appears the sideband of the FM signal
detuned from it by n&v.
B. EXPERIMENT
A stable table for use in the FM experiments is essentially complete.
It consists of 8 layers of ordinary 2'_4'_8" cut bricks separated by
fiber pads and topped with a 4'X8'×10" granite surface plate. The whole
structure floats on 18 innertubes.
An electro-optic modulator using KDP has been constructed. It uses
a 1-cm-long crystal with the electric field along the optic axis. Single-
pass phase retardation 5 = 0.12 has been measured at 120 Mc, the ex-
pected _ of the argon laser to be used.
A photo-multiplier detector has been completed and tested; a scanning
spherical mirror interferometer is being built; and, perparations to con-
vert FM to AM using both a birefringent discriminator and a Michelson
interferometer have been made.
Preparations are being made to operate the system on a pulsed, high-
peak power basis.
Various other miscellaneous parts for the argon laser setup have
been ordered and/or received. The laser itself is expected to be de-
livered during January.
Project 0577: MICROWAVE PHOTOTUBES AND LIGHT DEMODULATORS
Army Contract DA 36-039 AMC-00094(E)
Project Leader: A. E. Siegman
Staff: J.R. Kerr
This project has investigated methods for demodulating coherent light
signals which are carrying broadband microwave frequency or amplitude
modulation with particular emphasis on microwave phototubes, photomixers,
and similar devices.
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This project has been successfully completed, with experimental
results in good agreement with theory. The original FM phototube con-
cept for demodulating frequency modulated light using an optical dis-
persing element and a transverse-wave phototube has been verified, and
additional types of interactions and "aperture effects" have also been
experimentally observed and theoretically explained, using the same
experimental tube.
The final report has been completed, and the project is terminated
with this report.
Project 0581: INFRARED MODULATION BY FREE CARRIER ABSORPTION
Air Force Contract AF04(695)-536
Project Leader: A. E. Siegman
Staff: J.A. Tellefsen
The purpose of this project is the study of the modulation charac-
teristics of an infrared modulator tube which utilizes the infrared
absorption by free carriers generated on a semi-conductor surface by
electron bombardment.
A. EXPERIMENTAL SETUP
The basic experimental setup was reported in the last quarterly
report. The experiments we have performed have mostly been with the
modulator tube as described in that report, with few exceptions. The
tube has been slightly redesigned for two important needs. First, a
decision was made to incorporate a small vac-ion pump into the glass
envelope because several of the earlier set-backs, as reported pre-
viously, were caused by small leaks in the glass. There are a number
of seals imbedded in the over-all structure which, because of the neces-
sary heat treatment, could be possible leak sources. Incorporating a
vac-ion pump together with a pump-speed indicator allows us to measure
how good the vacuum is at any time. Secondly, but related to this same
problem, we decided to get rid of the doubtful epoxy window seals used
previously, and substitute a graded quartz-to-glass seal. The distance
between the two quartz windows was thereby increased slightly.
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Some time after the pump was put in, another crack was discovered
near the seal where the sample contact feeds through, and the glass
eventually broke. The seal is now reinforced, and contact to the tungsten
pin is made via a light spring clip. Each time the glass envelope is
opened and the cathode is exposed to atmospheric pressure, a new electron
gun assembly must be inserted.
We have done some breadboard experiments to find a suitable grid-
pulsing circuit. We still feel that there is more to be done with the
one we are now using. The problems arise from the fact that we need
fast and large pulses applied at -2KV. We have built a coupling circuit
that enables us to observe the current pulses through the plate circuit.
According to the simple theory there is a linear relation between the
absorption coefficient and the plate current. Our method consists of
inserting a current probe inside an isolated housing. Furthermore,
other high-voltage couplers and meters have been built. A glass cage
completely surrounding the modulator tube will prevent any accidental
touching of high-voltage cables.
The beam steering was not to our satisfaction due to misalignment of
the gun structure. We therefore had to increase the dc supply to be able
to control the position of the beam spot. We are considering an auxil-
iary deflection method by the means of magnetic coils. In the current
setup we have approximately half the sample area at our disposal.
The optical system is also receiving new consideration. In the
current setup we are using a large Spectra-Physics Laser Model 112.
Integrated output power at 3.39 _ is 4 to 5 milliwatts. With the de-
tector, the same as described earlier, we are able to scan the laser
beam and to see the mode pattern in great detail. The laser mount, the
modulator mount, as well as the detector, are all furnished with micro-
positioners enabling three-dimensional adjustments to be made. This
system has also been used to evaluate the optical properties of some of
the other semiconductor samples available. A few look very promising.
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B. RECENT EXPERIMENTAL RESULTS
At the moment of writing this report, some preliminary observations
of what is believed to be free carrier modulation have been observed.
However, it is too early to give any quantitative data. The problems
encountered, besides those mentioned above, have to do with the fact
that 3.39 M laser beam is invisible; there are no other methods by which
the radiation can be viewed than through detectors of the kind we are
using. Therefore, no visual means can be used in aligning the various
components.
C. PLANS FOR THE FUTURE
We hope within a short time to have removed some of the problems
now blocking our efforts to directly evaluate the performance of the
modulator tube. The detector circuitry as well as the grid modulator
will be re-examined and improved upon. We will try to use infrared
lenses to collimate the beam to the active spot. This should improve
the performance. There are other electrical problems to be tackled too,
mainly in connection with the high voltage supply network.
Project 0582: OPTICAL PHASE- AND FREQUENCY-MODULATION TECHNIQUES
Air Force Contract AF04(695)-536
Project Leader: S. E. Harris
Staff: C.M. McIntyre
As reported last quarter, the most important practical consideration
involved in the construction of an optical network using 1 cm calcite
crystals is the maintenance of temperature within 0.05 °C. A proportional
temperature controller is being used for this purpose. This quarter,
better thermal contact between the temperature sensing element and the
surface being controlled, and better insulation of the test unit helped
achieve the desired stability. To determine the stability, the output
intensity of a Senarmont compensator was monitored to measure the varia-
tion in retardation of a single crystal with time. This variation has
been held to i/i00 of a wave over a period of up to 6 hours. Other tests
indicating the stability were performed including measuring the retarda-
tion with the Senarmont compensator on successive runs with the controller
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turned off and then on between each run. The position of the analyzer
for a minimum output remained constant within one degree (corresponding
to a constant retardation within 1/180 of a wave). The achievement of
this control was necessary before the compensating crystals could be
worked on.
As noted previously, each stage of the network will consist of a 1 cm
calcite crystal and a quartz compensating plate. The quartz plate will
be used to control the overall retardation of the stage. Now that the
desired temperature control has been obtained, polishing of the quartz
plates has begun. Each stage in the filter must be the same length within
a retardation of 2_n (where n is a small integer) at the desired tem-
perature. The accuracy required in polishing the quartz is obtainable in
our laboratories. The procedure consists of polishing the quartz plates,
measuring the retardation of the stage at the controlled temperature, cal-
culating the amount of material that has to be removed from the quartz,
and repeating the above steps until the desired retardation has been
reached. This work will be continued next quarter. When the plates are
completed, the network can be assembled and tested. The temperature con-
trol for the larger volume of the assembled network may necessitate being
even more careful with insulation, but no serious problems are anticipated.
A computer program for the synthesis procedure was initiated this
quarter and is now being written. This program will be designed to allow
synthesis from either an electric field or an intensity characteristic.
There will also be a check (or analysis) program.
It should also be mentioned that other means of temperature control
are being investigated for future application.
Project 0592: LASER PHOTOMIXING STUDIES
Signal Corps Contract DA 36-039 SC-90839
Project Leader: A. E. Siegraan
Staff: J. Allen, J. O'Brien
The purpose of this project, which is now terminating, was to study
optical maser characteristics and photoelectric mixing, particularly at
microwave difference frequencies. Emphasis was placed on the mixing of
signals derived from two separate lasers, using one laser as a frequency
reference for studying the other.
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tWe have considerably improved the agreement between theory and experi-
ment for the ruby laser oscillation delay time analysis presented in a
preceding QRK. It may be recalled that while the theory is presented in
terms of delay time and actual pump power absorbed by the rod, the quanti-
ties measured in the experiment are the delay time and the input energy
to the pump flash lamp, as determined by the voltage of the capacitor bank
that is discharged into the flash lamp. In order to compare theory and
experiment, it is necessary to know the relationship between the pump
power k of the theory and the measured input energy E. This can be
done in the following way: by using a calibrated photomultiplier, and
filters passing only light in the two pump bands of ruby, a relative k,
k', may be determined for various values of E, which gives k' as a
function of E. Presumably geometry determines a multiplicative factor
between this k' and the k of the theory so that in a quotient of two
k's the factor cancels out. Thus, k'(E)/k'(Eth ) = k/kth , where Eth
is taken as the lowest input energy for which lasing can be obtained, and
kth is the theory's threshold k-value. The relative quantity k'(E)
has been determined carefully by Nelson and Remeika [Ref. I] for the same
kind of flash lamp used in our experiments. Their results are shown in
Fig. 22. Making use of their data, and the method of the preceding dis-
cussion, we have plotted our experimental data and the results of the
theory together in Fig. 23 where it is seen that there is general agree-
ment in magnitude and scope between theory and experiment.
Some further discussion of this portion of the work will be given in
the final report which has also been in preparation in the past quarter.
This report summarizes the work on a large number of topics which has
been carried out under this contract during the past two years.
1D. F. Nelson and J. P. Remeika, J.A.P., 35, 3 (Part 1), Mar 1964, p. 522.
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FIG. 23. COMPARISON BETWEEN THEORY AND
EXPERIMENT FOR LASER DELAY TIME.
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Project 0816: STUDY OF TRANSIENT PHENOMENA IN LOW PRESSURE GAS
DISCHARGE PLASMAS
Air Force Contract AF33(615)-1504
Project Leader: H. Derfler
Staff: T. Simonen, S. Puri, A. Y. Sader
I. OBJECTIVES
The purpose of this project is to study the excitation and detection
of an impulse propagating through a plasma.
This program comprises:
I. A theoretical investigation of impulse propagation in terms of
plasma waves taking into account geometrical effects, magnetic
fields and collisions.
2. An experimental study of suitable means to excite and detect longi-
tudinal space-charge waves in low-pressure gas discharge plasmas,
in particular of the Bohm and Gross variety. Parallel-plane grids
and coaxial probes immersed in the plasma will be used as trans-
mitter and detectors. Schemes to excite and detect plasma waves
with external electrodes will be studied.
3. Attempts to distinguish experimentally between Landau damping and
collision damping of space-charge waves in a fully ionized cesium
plasma.
4. An investigation of the possibilities of using electron beams, light,
or laser action to excite or detect collective interaction in a low-
pressure gas-discharge plasma.
II. INTRODUCTION
This is the third quarterly report and covers the period for 3 August
1964, to 3 November 1964. It describes the response of a Maxwellian
electron plasma to an oscillating sheet dipole. The excitation and propa-
gation of Bohm and Gross waves and the Van Kampen modes are described.
Numerical results are given to illustrate the combined effects of Landau
damping and collision damping on the propagation of the Bohm and Gross
waves. The excitation and propagation of the Van Kampen modes discussed
in this report have not previously been discussed in the literature. Work
on a cesium diode to be used in future propagation experiments is described.
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III. THEORETICAL WORK
A. FREQUENCY RESPONSE
The signal received by a pair of closely spaced unloaded grids,
(d_<_d) , at a distance _ from an identical pair of transmitting grids
was given by equation_ (9-44) [Ref. 1] as
_ik_dk
V2[ _O) d e
= - 2--'_ 1 + P(_,k)
-00
(i)
In the first quarterly report [R el. i] we investigated this response for
an electron plasma having a spherical-shell velocity distribution. Such
a plasma does not exhibit Landau damping nor does it support Van Kampen
modes.
This quarter we considered the response (i) in a Maxwellian electron
plasma. In order to illustrate the basic principles we considered again
an open-circuited output and the condition d<<_ d. These conditions can
be interpreted as describing the electric field
E[,,j) = lira V[,;_O/d (2)
d-'O
excited by an oscillating dipole charge sheet with a voltage drop
V[_) = lim Vl[_ )
d_O
(3)
An oscillating sheet could be experimentally realized by a transversely
modulated sheet electron beam shot across the plasma.
9-44 refers to QSR 9, Eq. 44.
1QSR No. 9, Project No. 0816, p. 1-84, March 1964.
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The propagator for a Maxwellian electron velocity distribution can
be expressed in the Mittag-Leffer expansions [Ref. 2] (10-24) and (10-25).
to +
C +K< 0
(1) n+ (4)1
P. to,k K - K- - K > 0+
n= -to n
The K
n
The C
n
(i) at
are the roots of the dispersion relations (10-19) and (i0-20).
are the corresponding residues (10-23). We split the integral
K = 0 and use (4) to obtain
oo
V[_-_- 2xV/'_'kd n=-oo
Ic: $'>]_(i i; - iK+L) - C- _*(i i; iK' n n '
(s)
where _ is the confluent hypergeometric function of the second kind
[Ref. 3] as defined by:
i@
_e - x< ¢<
f -xt dtIk(l l;x) = e (6)
' 1 +t
- -_ < ¢ + arg(x) < _-0 2 2
As it stands, this integral defines a function with a logarithmic branch
cut along the negative real x-axis. On the other hand, we note that as
+ _ -iK+L and x- _ i(K:)*L ofa function of frequency the arguments x n n n
the _ functions in Eq. (5) never cross the positive imaginary axis,
that is -3x/2 < arg(x) < x/2. We thus have to use the analytic continua-
tion of the _ function in the range -3_/2 < arg(x) < -_.
Power series representations are
(1,1;x) = -e x
2QSR No. i0, Project No. 0816, p. 1-85, June 1964.
3A. Erdelyi, et al, Higher Transcendental Functions, i, p 256, McGraw-
Hill, New York, 1953.
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or
CO
n
x,(1,1,_)= -e ZnT_+ _(n)x
1
(7)
where
7 -- 1.781072... _n) = 1 + 1/2 + ... + 1/n
3_I / _ Jt
3- < arg_j < _- .
The appropriate asymptotic expansion is
N
$(1,1;x) "'_ (-1)nn;n+l
x0
+ A ix e x (8)
Rex>0
Rex<0
A=0
Imx<0A=0
Imx=0A 1
Imx>0A 2
The discontinuous factor A is a consequence of Stokes Phenomenon
[Ref. 4] and does not represent a true discontinuity of the function. In
fact near the negative real axis the asymptotic expansion is not good
enough in which case an appropriate power series must be used, Eq. (7).
Using Eq. (8) we find that the voltage response for large distances
is asymptotically proportional to
+
-iK-L
--!--1 -+ /_ ixe n (9)
_~ :1:
iK L
n
4p. M. Morse and H. Feshbach, "Methods of Theoretical Physics," McGraw-
Hill, New York, 1953, _, p. 609.
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Whenever -_ < arg (K:) < -_/2 or -x/2 < arg (Kn) < 0 the analytic
continuation is included (A = 2). The first term of Eq. (9) represents
the Van Kampen modes while the second term represents Bohm and Gross waves.
Because the Van Kampen modes decay as L -1 rather than exponentially they
would be expected to predominate for sufficiently large distances and
certainly below the critical frequency where the imaginary parts of the
wavenumbers K become dominant.
n
B. NUMERICAL COMPUTATIONS
i. Fried and Conies Z-function
Numerical computations for a plasma having a Maxwellian electron
velocity distribution involve the Z-function [Ref. 5] and (or) its first
few derivatives. For these computations and to facilitate future work
an efficient computer program was written for finding Z and its first
four derivatives. The program is written so that there is no loss of
accuracy as there is when recurrence relations are used to find higher
derivatives.
2. Calculation of Frequency Response
The electric field E[w) excited by an oscillating dipole sheet
of strength V[w) as given by Eq. (5) has been calculated for a set of
frequencies as a function of position. Figure 24a-d illustrate this re-
10 -4
sponse for a plasma having a collision frequency y/Wp =
and a drift
= V d <(V - Vd )2 > -1/2 = 0.3. The wave numbers for such a plasma were
given in QSR No. i0, Fig. 48. Below the critical frequency, Fig. 24a,
-i
only the Van Kampen modes propagate and decay as L Above the critical
frequency but below the plasma frequency, Fig. 24b, the Bohm and Gross
waves are only slightly damped. Above the plasma frequency, Figs. 24c
and 24d, the Bohm and Gross waves become increasingly Landau damped.
The electric field as a function of frequency at a fixed position
_d = i00 is shown in Fig. 25. The level of the received signal in db,
20 lOgl01(E[w)/E[Wc)I , is referred to the signal received at the critical
frequency. This diagram illustrates the effective passband.
5B. D. Fried and S. D. Conte, "The Plasma Dispersion Function," Academic
Press, New York, 1961.
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FIG. 24. ELECTRIC FIELD EXCITED BY AN OSCILIATING
DIPOLE SHEET AS A FUNCTION OF DISTANCE. Plasma:
Drifting Maxwellian, Vd/V T = 0.3, v/w = 10 -4 ,
P
Wc/W p = 0.9567.
The collision frequency V/_p = i0 -4 is typical
of a highly
ionized cesium plasma and of the relatively collision-free plasma used by
Malmberg and Warton [Ref. 6]. Figure 26 compares the response of such a
plasma with that of a plasma having the collision frequency y/Wp = 0.05
typical of a mercury-vapor discharge. Figure 26b is expanded to illustrate
-i
the effect of Van Kampen waves from which their L decay can be seen.
6j. H. Malmberg and C. B. Warton, Phys. Rev. Letts., 1,3, 6, p. 184,
10 August 1964.
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FIG. 26. EFFECT OF COLLISIONS ON ELECTRIC FIELD
EXCITED BY AN OSCILLATING DIPOLE SHEET AS A
FUNCTION OF DISTANCE. Plasma: Drifting
Maxwellian, Vd/V T = 0.2, _/_ = i.I.P
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IV. EXPERIMENTAL WORK
Work to boost the power available from the current regulated power
supply used in heating the tantalum emitter has been completed. To in-
crease the efficiency of the heater we introduced radiation shields as
shown on Fig. 27. We also increased the thickness of the Wehnelt cylinder
(now 0.018") to enhance thermal conduction losses and thereby lower its
temperature. By these measures we could boost the emitter temperature by
100 °K but thermal runaway still occured beyond an emitter temperature of
T = 2250 °K. Figure 28 shows the measured space-charge-limited voltage-
current characteristic with a sharp break due to the onset of temperature-
limited emission from the Wehnelt cylinder. The following attempts were
made to further cut down the electron emission from the Wehnelt cylinder.
_-- 2"
N
M
N
=
4
0.865"
I
i •
i
To BUTTON, TEMPERATURE T
_" ! c ___/----To RADIATION SHIELDS (.005")
III FIA
' ° - _ '" ' II w L MENT
 lll rl "o
k fJr-Ir
3302;
FIG. 27. HEATING BY ELECTRON BOMBARDMENT. Thermal runaway occurs
due to onset of electron emission at R.
A. SCHOTTKY EFFECT AND FIELD EMISSION
A lip was introduced to round off the top edge of the Wehnelt cylinder.
This did decrease the runaway temperature showing that Schottky effect and
field emission are negligible as compared to the increase in effective
area of emission by the presence of the lip.
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at temperature T = 2250 °K.
B. SAND BLASTING
The Wehnelt cylinder was sand blasted to enhance radiation cooling.
This had the adverse effect of increasing the electron emission presumably
due to a larger effective surface area of emission and Schottky effect on
sharp corners.
C. CARBURIZING
It has been reported in the literature [Refs. 7,8] that carburization
of tantalum was successfully used to suppress electron emission from grids
in transmitter tubes. Based on this fact several attempts have been made
to form a layer of TaC on the Wehnelt cylinder by heating it to 1400 °C
in an atmosphere of CO or CO 2 at pressures ranging from a few mm Hg
up to 1 atmosphere. In all cases the cylinder warped badly or even broke
like an eggshell due only to thermal stresses. This method of increasing
the work function was therefore abandoned.
7M. Knoll, "Material and Processes of Electron Devices," Springer, Berlin,
1959, p. 96 and p. 385.
8K. Becker and H. Ewest, Zeitschrift f. Techn. Phsik, II, (1930), p. 148
and p. 216.
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D. RHENIUM PLATING
Currently we are considering electroplating the Wehnelt cylinder and
its surrounding with Rhenium. Rhenium has a work function of 5.1 volts
as compared to 4.1 volts for tantalum and therefore should solve our
problem, deferring thermal runaway beyond the working temperature of
2500 OK.
V. DISCUSSION AND FUTURE WORK
It was found in Sec. IIIB, Fig. 25, that the passband of propagation
for a plasma with a gaussian distribution of velocities is drastically
reduced as compared with the passband found earlier, [Ref. 2], Eq. (53),
for a plasma with a spherical-shell distribution of velocities. This
effect, due to Landau damping, relaxes the problems associated with the
broad-band design of the circuit and thus makes the experimental study of
impulse propagation in such a plasma feasible. Currently we are removing
the restriction d<<k d in order to compute the coupling efficiency of the
probes as a function of frequency. These data are needed before a specific
broad-band circuit, suitable for a cesiumplasma, can be designed.
Work on the cesium plasma diode to be used in this experiment is in
progress. We hope in particular *_at_.. +_^_..= problem of thermal runaway can
be solved by electroplating the Wehnelt cylinder with Rhenium as described
in Sec. IV.
Finally we note that the continuous-wave experiment by Malmberg and
Warton [Ref. 6] satisfies our condition d<<_ d and does exhibit the
effect of Landau Damping. We are conducting some computations,
specifically designed to compare our theory with their experimental data.
Project 0832: RF BEHAVIOR OF PLASMA DIODES
Army Contract DA 36-039 AMC-00094(E)
Project Leader: H. Derfler
Staff: M. Omura
The purpose of this project is the study of oscillations and waves
in plasmas near thermodynamic equilibrium•
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bIn the past QRR's we were primarily concerned with the dc potential
and the number densities of various species between two thermionically
emitting parallel planes. We now consider some rf phenomena in such a
system by using the hydrodynamic equation of motion for the electrons.
A. HYDRODYNAMIC EQUATION
A derivation of the hydrodynamic equation of motion is given by Rose
and Clark [Ref. i]. The equation is derived by taking appropriate averages
of the Boltzmann equation. If zero drift velocity, zero collision fre-
quency and isotropic velocity distribution are assumed, the zeroth and
the first-order equation of motion for the electrons become
- n e E =_P (i)
o o o
_u - -
nora _ = - no e F'I - nle F.o + jXBo - _TP 1 (2)
where the subscripts o and i denote zeroth and first-order quantities
respectively. The effect of the temperature is taken into account by the
pressure terms _TPo and VP 1. For Maxwellian velocity distribution we
have
P = n kT
o o
and hence
or
- n e _ = kT_Tn
o o o
_Tn
?¢ _ kT O (3)
0 e n
o
1D. Rose and M. Clark, Plasmas and Controlled Fusion, The M.I.T. Press,
Cambridge, Mass. (1961) Chapters 4 and 6.
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Equation (3) yields the scale-height law which had been assumed in deriving
the dc quantities. For the rf pressure adiabatic compression is assumed
and thus
Pl = 7 nlkT (4)
and 7 is set to 3.
i_t
If e time variation is assumed for the first-order quantities,
Eq. (3) becomes
iw no mvl = - no e _'i - nl e _.o + 3"IXBo- - 7kT_P 1 (5)
Equation (5) plus Maxwell's equations give us enough equations to
solve for El" Before we go on, however, we shall make further simplifi-
cations by assuming the dc magnetic field to be zero and that the quasi-
static approximation is valid. By using the following relations
Jl =n e v 1O
: pl/eo
2 = (n o_2/me)l/2 = plasma frequencyUp
V e = (kT/m) 1/2 : thermal velocity
Eq. (5) becomes
_lo) eEo Pl2 V + __ +( 2 _ 2 -ioJ -7v8 m Eoo _nP) _'i = _'-o Ii
(6)
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or
eE co2 Wp io_
m° (V. + 1 E 1 i 12 + .... (7)
We now look for resonances with Ii = o. Possible resonances with
I 1 _ o will be considered at a later time.
B. BOUNDARY CONDITION
Consider the geometry shown in Fig. 29. We shall assume that the
emitting walls are perfect conductors and that the dc quantities (i.e.,
electron density, ion density and the potential) vary only in the direc-
tion normal to the walls. Under these conditions the first-order quanti-
ties can be shown to vary in the form Al(X)e Pz where x is the direction
normal to the emitters and z is the parallel direction. In particular,
we get for the first-order charge density
Pl(X,Z) = Pl(X) erz . (8)
If we take the z component of Eq. (6) we get
2 2
2 2 7ve _SPl rTVe ,
(cO - _Op) Elz = - E _-z E Pl (9)
O O
Since Elz = o at the wall, Pl must also be zero. Consequently, from
Poisson's equation the following equivalent boundary condition is obtained.
---- 0
wall
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ELECTRON AND ION EMITTER GEOMETRY.
C. RESONANCES
For a wave in resonance between the two walls, we have
8 b
_y--_--o. (z0)
Equation (10) and the condition
Ely be zero. Thus we are left with the following differential equation
for resonance.
_E 1 = o require that Elz and
2 d2Elx e dElx 2
--d--X_ +--E (_ _ 2) = o7v 9 m o dx p EIx (11)
By using the following relations and definitions
-de kT d_
o dx e dx
= plasma frequency at
po
_o = Yf2-vo/_po
= x/_ °
X = 0
2 2 J]
_d = Ld
p po
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Equation (ii) is normalized to
d2Elx + 1 d_ dElx 2 le_ _Id_2 7 d_
poj
Elx = o (12)
Solutions of Eq. (12) were obtained numerically and some of the results
are presented here.
In Fig. 30 the amplitudes of Elx for the first six resonances are
shown for molybdenum emitters 1 cm apart at T = 2200 °K (See QRR No. 8
[Ref. 2] for the dc solution). It should be noted that near the wall,
where the electron density is high, the rf electric field is small.
FIG. 30. ELECTRIC FIELD AMPLITUDES OF
THE FIRST SiX RESONANCES FOR MOLYBDENUM
EMITTERS SPACED 1CM APART AT T =
2200 °K. Modes are numbered and corre-
sponding frequencies are given in Table I.
In table (i) the first six resonance frequencies are given for dif-
ferent temperatures. For lower temperatures the resonances are spread
2QRR No. 8, 1 Jan - 31 Mar 1964, Project 0832, pp. 1-64 - 1-74.
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TABLE I. THE FIRST SIX RESONANCE FREQUENCIES OF THE PLASMA
BETWEEN TWO MOLYBDENUM EMITTERS AS A FUNCTION OF TEMPERATURE.
The electric field is symmetric about X = o for odd numbered
modes and anti-symmetric for the even numbered modes.
T
1800
1900
2000
2100
2200
2300
1.10×107
1.27×107
1.96×107
4.45XI07
MODE 1
1.55
I. 54
1.28
MODE 2
2.72
2.70
1.93
MODE 3
3.88
3.87
2.66
MODE 4
5.06
5.03
3.40
MODE 5
_5/%o
MODE 6
6.18 7.40
6.14 7.32
4.12 4.89
1.06 1.23 1.46 1.73 2.03 2.33
9.79×107 1.013 1.053 1.115 1.196 1.293 1.403
2.02×108 1.003 1.013 1.051 1.1111.078
I
1.029
apart and as the temperature is increased the percentage separation of two
adjacent resonances decreases. In Fig. 31 graphs of L_o 7 _2/_20 - 1
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FIG 31. PLOTS OF L/A o (_2/_2 0 - I)72VS IDG
L/A o FOR THE FIRST SIX MODES.
1-71 SEL-64-133
vs log L/_ ° are given. The quantity L/_ ° ¢ w2/_2o - 1 is approximately
a constant for each mode indicating that ¢_2/w2 - 1 is approximately
po
proportional to _o/L. This result is not surprising because in the case
of uniform plasma, Eq. (11) yields the following dispersion relation
or
2 k 2 2 2
7v_ = _ - po
where k is the wavelength. At resonance
--=2L
2
where N is an integer and hence at least in the uniform case the quantity
2 2 1/2
L/_o [_ /_po - 1] is expected to be a constant.
D. COMMENTS
The resonances described above are very similar to the Dattner reso-
nances found in the positive column of a discharge (see for example, an
analysis of Dattner resonance made by Parker [Ref. 3]). The difference
lies in the fact that in a positive column the electron density decreases
toward the wall, whereas in the plasma we are investigating, the opposite
is true. Consequently, in the case of positive column, the rf field is
strong near the sheath where the density is low while in our case the field
is strong near the center of the plasma.
The analysis we have made does not take into account Landau damping.
By taking the averages of the Boltzmann equation to derive the hydrodynamic
equation, all the details which affect the velocity distribution and hence
the mechanism which lead to Landau damping are ignored. Presumably Landau
3j. V. Parker, "Resonance Oscillations in a Hot Non-Uniform Plasma,"
TR No. 20, Calif. Inst. of Tech.; Pasadena, Calif., May 1963.
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damping is important whenever the wave length becomes comparable to the
Debye length. At low temperatures we do encounter cases where the Debye
length becomes comparable to the emitter separation. In these cases the
"Q" of the resonances may be quite low and resonances undetectable. We
have also neglected collisions in our analysis. We noted earlier [Ref. 2],
however, that the collision frequency in the plasma we are considering may
be very low.
If these resonances can be detected readily, the data can be used for
diagnostic purposes.
Project 0833: DC STATES OF PLASMA DIODES
National Aeronautical and Space Administration
Grant NsG 299-63
Project Leader: H. Derfler
Staff:
The purpose of this project is the study of stationary potential
distributions between parallel-plane electron and ion emitting surfaces.
In QRR No. 10 we summarized the basic equations to be used in an
attempt to explain the anomalous open-circuit voltages in low-pressure
cesium diodes, in terms of "coverage instabilities." As a first step
toward this objective we checked our basic assumptions against experi-
mental data. Using the equations due to Gyftopoulos and Levine [Refs. 1,
2,3] we computed the rates of evaporation of cesium ions (Tp) and neutral
cesium atoms (Ta) from a tungsten surface at a temperature of T = 848 °K.
These data are shown in Fig. 32, together with experimental data due to
Taylor and Langmuir [Ref. 4]. At first glance we notice that the theoreti-
cal value of the ion emission 7p is roughly a factor
7p,th/Tp,exp = exp(0.829) 2.28, 8 = 0.i (I)
IE. P. Gyftopoulos and J. D. Levine, J. Appl. Phys., 33, 1962, pp. 67-73.
2j. D. Levine and E. P. Gyftopoulos, Surface Phys., _, 1964, pp. 171-193.
3j. D. Levine and E. P. Gyftopoulos, Surface Phys., _, 1964, pp. 225-241.
4j. B. Taylor and I. Langmuir, Phys. Rev., 44, 1933, p. 440, Fig. 19.
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too large, and the emission of neutral atoms by a factor
7a,th/7a,exp exp(-O 691) = 0.502 8=0.1 (2)
too small.
T= 848 OK
9--/ ={ g Ya og_'p \/ ,
/
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FIG. 32. ION (Tp)-, ATOM (Ta)-, AND PARTICLE
2
SEC -1 VS THE
(7 a + 7p)- EMISSION RATES IN CM-
FRACTION _ OF THE IONIC MONOLAYER COVERING A
TUNGSTEN SURFACE AT 848 ° K.
--Theoretical values after Gyftopoulos and Levine
.... "Experimental'values after Taylor and Langmuir
The following factors may affect this discrepancy:
-2 -2
a) The experimental mass constant A = 60 A.cm Grad (for
exp
1200 < T < 2000 °K) [Ref. 5] is smaller than the theoretical mass constant
5W. B. Nottingham, "Thermionic Emission," article in Enc[clopedia of
Physics, XXI, p. 175, Springer, Berlin, 1956.
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Ath = 120 A.cm Grad . This effectively increases the electron work
funct ion _ :
e
_e,eff = ® + k__T_n Ath/A (3)
e e exp
Replacing * by * in Eqs. (2) and (3) of QP,,.II10 we find that
e e,eff
7p increases still further and 7a decreases accordingly, thus widening
the gap between experimental and theoretical values.
b) Changes in the frequency of vibration v of the absorbed particles
or the number of absorption sites gf affect the magnitude of 7a and
7p in the same direction. An adjustment of these parameters can thus not
fit both 7a and 7p to the experimental data.
c) It has been shown by Luke and Smith [Ref. 6] that the polarizability
5.5 x 10 -24 3
= cm of a cesium ion is effectively increased upon
absorption:
2_ - 18.7 10 -24 3• cm (4)neff - 2_
3
z 0
where z0 is of the order of 2 ion radii. These authors thus obtain a
correction to the electron work function given by
_¢el -- - 8.75 e
1 + 1.77 e 3/2 (5)
Following Gyftopoulos and Levine [Ref. 1] we used instead
ACe2 = - 7.31 OG(O)
1 + 1.22 e 3/2 (6)
6K. P. Luke and J. E. Smith, NASA Technical Note D-2357, Lewis Research
Center, Cleveland, Ohio, 1964.
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For small 8 the difference between Eq. (5) and (6) is roughly _¢el -
_¢e2 _ -1.44 e which for 8 = 0.1 is equal to -0.144 volt = 1.97 kt/e
at T = 848 °K. A comparison with Eqs.(1) and (2) shows that the polari-
zation effect proposed by Luke and Smith would shift the theoretical
values in the right direction and indeed overshoot the experimental data.
Obviously the polarizability may be adjusted such as to yield a best fit
of 7p and 7a to the experimental data. From a theoretical point of
view this is not a very happy proposition and, pending further investiga-
tion, we shall continue to use the Theory of Gyftopoulos and Levine.
e) The "experimental" data shown in Fig. 32 have been obtained by
Taylor and Langmuir through measurement of ion currents and subsequent
extrapolation to zero electric field. It was assumed by these authors
that the electric field at the cathode must vanish under conditions of
thermal equilibrium. This is by no means obvious and a cathode sheath,
associated with a finite electric field at the cathode, is indeed compatible
with the conditions of thermal equilibrium. The existence of such a sheath
in front of the emitter would in fact explain the ambiguity encountered by
Taylor and Langmuir in their process of extrapolation.
The error introduced by this process may very well be of the order of
1 kt/e and thus explains the discrepancies observed in Eqs. (1) and (2).
The sheath effect just described is amenable to calculations within
the frame work of the theory outlined in QRR No. 10 and we shall pursue
this matter in the future. For the time being we use the theory of
Gyftopoulos and Levine to obtain rates of atom and ion emission at T =
1800 °K as shown in Fig. 33. It is in this temperature range that
Breitwieser observed anomalous open-circuit voltages in cesium plasma
diodes as described in QRR No. 7. It is seen from Fig. 33 that at these
temperatures a slight increase in the total particle emission rate, 7a +
7p, strongly increase the coverage e of the emitter surface with ions.
With it goes a rapid increase in electron emission which, in turn, reduces
the height of the potential maximum in front of the emitter. Less ions
are thus fed back to the emitter and so e decreases again. Calculations
now in progress will show if this feedback mechanism does indeed give rise
to oscillations and if these oscillations can explain the anomalous open-
circuit voltages observed by Breitwieser.
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FIG. 33. ION (Tp)-, ATOM (Ta)- , AND PARTICLE
(7 a + 7p)- EMISSION RATES IN CM-2 SEC -1 VS THE
FRACTION 8 OF THE IONIC MONOLAYER COVERING
A TUNGSTEN SURFACE AT 1800 °K.
--Theoretical values after Gyftopoulos and Levine
Project 0908: ION AND PLASMA BEAM SOURCES
Air Force Contract AF33(657)-II144
Project Leader: R. P. Lagerstrom
Staff: J. Shiue
The purpose of this project is to produce ion and plasma beam sources
suitable for high-vacuum plasma experiments. Thermionic emission of
lithium ions from lithium-alumino-silicates such as spodumene and eucryp-
tire has been under specific investigation.
A final report is in preparation.
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pProject 4651: PHYSICAL PRINCIPLES OF MAGNETIC ADAPTIVE COMPONENTS
Air Force Contract AF33(657)-11586
Project Leader: J. B. Angell
Staff: R.C. Woodbury
The purpose of this project is to study properties and basic operating
mechanisms of square-loop magnetic materials suitable for use in magnetic
adaptive components. Of particular interest is the 50 percent Ni-Fe grain-
oriented material used by H. Crafts in his second-harmonic adaptive
component.
To review briefly, the achievement of variable gain with memory stems
from the correlation of magnetic remanence of the core with the second-
harmonic content of the time-varying flux when driven with a small sinus-
oidal H field. Adaption from one second-harmonic amplitude level, or
gain state, to another is achieved by the application of adc field, which
causes the gross flux level to change linearly with time. The latter is
achieved only if the material has a relatively square hysteresis loop and
strong eddy-current damping.
Major effort during the past quarter has centered on a final report
covering the adaption mechanisms in 50 percent nickel-iron. In addition,
the studies have uncovered the f011owing information:
1. A theoretical analysis has been made of the generation of second
harmonic in materials which do not possess residual domains to any appre-
ciable extent. In such cases, a gross rotation of the magnetization is
the principal contributor to small flux changes which result from small
alternating fields. In both of the two situations considered, the alter-
nating field is applied in the major magnetization direction or parallel
to the sense direction. It is assumed in the first case considered that
a small dispersion of the grain orientation exists relative to the major
direction. When a gaussian distribution is also assumed, the resulting
second-harmonic component in flux density response to a sinusoidal field is
Bm2 = 2 s \2Ka, /
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is the standard deviation of the misalignment angle (radians) of the
crystal grains and K is the anisotropy energy. An interesting side-
a
light is that the above component represents about 15 percent of the
measured second-harmonic signal from 50 percent nickel-iron.
In the second case it is assumed that a random orientation of the
crystal grains exist but that the saturation magnetization of each grain
lies in the nearest easy axis to the major magnetization direction. The
resulting second-harmonic component of flux density response to the sinus-
oidal field is
Bm2 = 0.17 B s \2Ka/
2. Further investigations of the mechanisms behind the anomalous
hysteresis or so-called big step-little step ratio have also been made.
Two separate effects are actually responsible for what has been commonly
termed anomalous hysteresis.
The first effect is the creation of new switching walls upon reversal
of the adaption or switching direction. The presence of new walls causes
the rate of flux change to increase; hence the step size in a step-wise
adaption characteristic will increase with the reversal in the direction
of switching.
The second effect is the movement of existing walls in a potential
well of asymmetrical shape. When the reversal in switching field occurs,
the asymmetry of the well aids the movement of the wall over a charac-
teristic distance, 5 A, which gives rise to a larger adaption rate imme-
diately following the reversal in switching direction.
Project 4657: SELF-REPAIRING CIRCUIT TECHNIQUES
Air Force Contract AF33(657)-I1586
Project Leader: J. B. Angell
Staff: J.S. Eggenberger*
The object of this project is to develop effective means of using
digital magnetic memory arrays in which there are some defective storage
elements.
*I.B.M. Resident Scholar
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are :
i.
2.
Three methods for accomplishing this goal have been considered. These
Error-correcting codes, including duplication and more complex
codes.
Error detection, along with feedback to locate the defective
elements.
3. Alternate location, wherein an alternate group of elements is
substituted for any group containing a defective element.
For each method, there is an optimum redundancy. Too small a re-
dundancy results in a large probability of an uncorrected error. In the
case of an uncorrected error, the array must be discarded and the cost
increases due to manufacturing shrinkage. Concise techniques have been
evolved for determining the optimum redundancy and attendant array cost
for each method.
As an example of the techniques evolved, Fig. 34 is a code selection
nomograph for duplication and for the Bose-Chaudhuri n = 63 codes. The
Bose-Chaudhuri codes have been used as examples in that they are good
examples of efficient error-correcting codes. The left axis is the number
of bits to be stored in the completed array, and the right axis is the
defect probability for individual elements. A straight line connecting
the number of bits to be stored with the element defect probability crosses
the duplication curve (a) and then = 63 curve (b). The region of curve (a)
which this line crosses indicates the optimum number of times to repeat
each bit, the region of curve (b) indicates the optimum number of errors
to correct using the Bose-Chaudhuri n = 63 codes. Similar segmented lines
can be constructed for other families of codes.
Several interesting points are apparent from Fig. 34. It is seen that
if high redundancy is indicated, the element defect probability has much
more influence on the choice of code than does the number of bits. Also,
for high element defect probability and low array size, repetition can be
more efficient than more complex codes. For example, consider an array
of 2 105 bits, with an element defect probability of 0.05. Seven-fold
duplication is optimum, for a redundancy of 7. However, in the n = 63
codes, the (63,7) code is optimum, for a redundancy of 9.
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FIG. 34. CODE SELECTION NOMOGRAPH.
Similar techniques have been evolved for the error detection with
feedback and alternate location methods. The analytic work on this
project has been completed and a final report is in preparation.
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Project 4715: TRANSIENT PERFORMANCE OF TRANSISTOR SWITCHES
UNDER HIGH LEVEL INJECTION
Tri-Service Contract Nonr-225(24)
Project Leader: J. F. Gibbons
Staff: P. Kamas
The purpose of this project is to study the transient behavior of
transistor switches as they proceed from the OFF condition into the
saturated condit ion.
This project has been inactive this past quarter.
Project 4813: APPLICATION OF SOLID-STATE PHENOMENA TO
MICROSYSTE_
Office of Naval Research Contract Nonr-225(44)
Project Leader: J. G. Linvill
Staff: M. Nagata
The object of this project is to apply physical phenomena of solids
to systems which must be small to perform their necessary function.
Further, the intent is to establish suitable models of the phenomena
useful to the application and to evaluate the limits of performance
which are imposed by the properties of the solids used.
During the course of consideration of optical control of switches, a
very simple two-transistor negative resistance circuit was obtained by
M. Nagata. (Fig. 35.)
I
500_
IO0.n.
IOK
._N706
22K
(o) NEGATIVE RESISTANCE CIRCUIT
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FIG. 35.
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(b) MEASURED V-I CHARACTERISTIC
NEGATIVE RESISTANCE CIRCUIT AND V-i CHARACTERISTIC.
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The circuit has a number of interesting properties. No internal
batteries are required. The characteristics are very insensitive to
changes in transistors. The linearity of the negative resistance charac-
teristic is surprisingly good. The break points depend upon stable
quantities.
A report describing the properties in detail, giving measurements
and outlining possible applications is in preparation.
Project 4818: APPLICATIONS OF ELECTRO-OPTICAL PHENOMENA IN SOLIDS
Office of Naval Research Contract Nonr-225(31)
Project Leader: J. G. Linvill
Staff: J.W. Hill
The purpose of this project is to evaluate the presently available
photo-optical solid-state components and to find ways of interconnecting
these components to construct a set of static and dynamic logic circuits.
"Circuits" in this case include optical connections, the close proximity
of photon emitting and detecting units, and also longer range optic fiber
coupling. Conventional electrical circuit connections are used as well.
Work on this project is absorbed into Task 4820 and 4821. This
project is closed with this period. Mr. Hill is presently working on
Project 4819.
NEW PROJECT
Project 4819: TACTUAL COMMUNICATION
Office of Naval Research Contract Nonr-225(44)
Project Leader: J. G. Linvill
Staff: J.W. Hill
The purpose of this project is to investigate the principles of tac-
tual communication and to evaluate the implementation of such communica-
tion using solid-state phenomena and devices.
Earlier work under the contract supporting this project dealt with a
piezoelectric dynamic embosser. A technical report* describing this work
in detail is presently available.
*G. J. Alonzo, "Development of a Piezoelectric Dynamic Embosser for Use
as a Reading Machine," Stanford Electronics Laboratories, Technical Report
4813-4, March 1964.
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In the problem of designing a transducer to apply a vibratory signal
to the human finger tip, the mechanical impedance that the skin represents
to the transducer is an essential variable. This quarter quantitative
measurements have been made to determine this impedance. The physical
arrangement of the bimorph transducer and finger is shown in Fig. 36.
The results obtained using this apparatus are shown in Fig. 37 a and b.
FINGER TIP ,, \__
I ! _ %',, METAL PLATE I
__ _ _ WITH .O90" HOLE
;::l
33026
FIG. 36. THE PHYSICAL MEASURING SET UP.
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As is readily apparent from these graphs taken from different parts of
one person's finger there is a wide range of impedances depending on
the part of the finger measured. There is also an additional ±50-percent
variation in the same measurements made on different people. Thus, we
can only place the impedance of the human fingertip in a range of imped-
ances whose limits are more than an order of two apart.
A report on the detailed methods used to calculate this impedance is
in preparation.
NEW PROJECT
Project 4820: LIGHT DETECTION AND AMPLIFICATION IN SEMICONDUCTORS
Office of Naval Research Contract Nonr-225(31)
Project Leader: J. G. Linvill
Staff: H.W. Ruegg
The purpose of this project is to study means of achieving fast, high-
gain light detection with semiconductor structures.
A. CONVENTIONAL SEMICONDUCTOR JUNCTION DETECTORS
During this quarter the performance of conventional semiconductor
devices as photodetectors was investigated. Specifically, the dependence
of operating speed on device parameters, the required power gain and
photon flux density were calculated for the photodiode, the phototransistor
and the field-effect transistor used as light activated switches.
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The switching time of a photodiode was found to be proportional to
the required power gain and inversely proportional to the incident photon-
flux density.
The switching time of a phototransistor can be approximated by the
sum of the charging time of the collector-base capacitance and the rise
time of the "intrinsic transistor." The charging time of the collector-
base capacitance is approximately proportional to the voltage gain and
inversely proportional to the photon flux density. The rise time on the
other hand is approximately proportional to the current gain. It is
therefore possible to achieve a minimum switching time for given device
parameters by optimizing the current gain and voltage gain contribution
to the required power gain.
A field-effect transistor can also be operated as a light detecting-
amplifying device. The switching time again is proportional to the re-
quired power gain, but was shown to be, to a first order approximation,
independent of the incident photon-flux density.
In order to estimate the capabilities of these three detecting-
amplifying devices, their performance in optoelectronic logic building
blocks as drivers of injection luminescent diodes was investigated theo-
retically [Ref. i]. The power gain required from the detecting-amplifying
devices in this case is equal to the fan-out of the logic circuit divided
by the overall quantum efficiency associated with photon generation and
light transport.
Assuming reasonably optimistic state-of-the-art parameter values for
silicon devices, the propagation delays through opto-electronic logic
blocks were calculated for different gain requirements and different power
consumptions. In Fig. 38 the estimated propagation delays for a photo-
diode (2), a phototransistor (4) and a field-effect transistor (5), are
plotted vs power consumption per simple logic function (NOR, NAND), for
an overall quantum efficiency of 1 percent and a fan-out of 5. Also
IH. Ruegg, "The Gain Element in 0ptoelectronic Logic Building Blocks, ''_
Technical Report No. 4820-1, Stanford Electronics Laboratories, Nov
1964.
_Paper presented at the Symposium on Optical and Electro-Optical Infor-
mation Processing Technology, Boston, Nov 9-10, 1964. Also published
as TR No. 4820-1.
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included in Fig. 38 is the power vs delay curve for conventional direct
coupled logic (DCTL) obtained with 2N709 transistors. It is seen that,
with present-day quantum efficiencies, the optoelectronic systems con-
sidered are by at least two orders of magnitude slower than an all elec-
tronic system operating at the same power level.
The only two possibilities to improve the situation are to either
increase the overall quantum efficiency considerably or else to find a
much faster detecting-amplifying device. We have chosen to explore the
second possibility.
B. CARRIER MULTIPLICATION BY SECONDARY IONIZATION
Secondary ionization of carriers in a high-field region is an inher-
ently fast gain mechanism which might conceivably be utilized to increase
the external quantum efficiency of a semiconductor junction detector. The
following two possibilities are presently being considered:
1 , Linear amplification can be obtained by biasing a junction detector
close to breakdown and thus achieving a carrier multiplication factor
which is high but finite. The practical difficulty is the very steep
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increase of the multiplication factor from essentially 1 to infinity
over a voltage range of a few percents of the breakdown voltage of
the junction. However, recent measurements on silicon [Ref. 2] in-
dicate that for small fields the ionization coefficient for holes
is by orders of magnitude smaller than the ionization coefficient
for electrons. A rather gradual increase of the multiplication
factor with applied voltage should therefore result for wide junc-
tions if care is taken that only electrons are injected into the
depletion region. The effect might be enhanced by a field distri-
bution in the depletion layer which favors the ionization by
electrons.
A nonlinear threshold type amplification might be achieved by in-
creasing the multiplication factor in a junction from a finite
value to infinity. (Light-triggering avalanche breakdown.) Such
an increase of the multiplication factor can be achieved by changing
the field configuration in the junction. For a constant applied
voltage the field configuration can be influenced by changing the
space charge in the multiplying junction or in a region which is in
electrical contact with this junction. The light generated carriers
themselves might directly cause the additional space charge or else
they might only be the agents to change the charge state of traps.
Project 5002: HIGH-FIELD TRANSPORT PROBLEM
National Science Foundation Contract NSF-GP 1033
Project Leader: G. L. Pearson
Staff: C.Y. Duh
This project is concerned with the theoretical studies of high-field
transport properties in n-type semiconductors.
The integral equation which governs the function of the appearing
rates per unit energy range has been previously derived as
OO
= / K(E",E',e) S(E) dE (i)S(E")
E=O
where
K(E",E',E) =
oO
M(E",E') A(E',E,_) dE'
E'=0
2C.A. Lee, et al, "Ionization Rates of Holes and Electrons in Silicon, "
Phys. Rev., 134, p. A761 (May 1964).
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The physical significances of the symbols were given in last quarter's
report. For the zero field case, _ = O, solution Eq. (i) will result in
the Maxwellian distribution of carriers.
In the presence of electric field, the solution of Eq. (i) becomes
extremely difficult. Analytic solution of S(E), the rate of appearance
at energy E, has been attempted without success. The main difficulty
lies in the area of proper construction of the kernel K(E",E',£). For
most general cases with least assumption, it is almost impossible to con-
struct the kernel K(E",E',E). Even under certain simplified assumptions
that constant mean free path is assumed to characterize the scattering
processes, and the 5-function approximation is used for the emission and
absorption processes, it is still unable to achieve the analytic solution
of S(E) from Eq. (i).
+ + + +
An experiment which utilizes the n - n - p or n - p - p struc-
ture to measure the maximum drift velocity of the hot carriers has been
considered. Plans during the next quarter will be directed toward the
manufacturing of the structure appropriate for our experimental purposes.
Photo-mask techniques will be employed.
Project 5059: HOT ELECTRONS IN THIN METAL FILMS
Air Force Contract AF33(657)-I1586
Project Leader: J. L. Moll
Staff: P.H. Bardell
This project is concerned with experimental and theoretical studies
of high-energy electrons in thin metal films.
The final report on this project by P. H. Bardell, Jr., entitled
"Hot-Electron Transport in Thin Copper Films," dated August 1964, is in
process of publication. Upon its distribution, this project will be
closed.
Project 5101: DIFFUSION OF IMPURITIES IN III-V COMPOUND SEMICONDUCTORS
Office of Ordnance Research Grant DA 31-124 ARO(D)-I55
Project Leader: G. L. Pearson
Staff: M.G. Buehler
The object of this project is to study the diffusion coefficients,
solubilities, and distribution coefficients of II, IV, and VI column
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impurities in III-V compound semiconductors. To study the solubility
of Zn in InAs, the ratio of the electrically free carrier density to the
Zn density is desired. The Zn density is known from radio tracer analysis
of Zn 65. The electrically free carrier density is given by the Hall co-
efficient. This report presents the details for measuring the Hall co-
efficient using a square array of point contacts centered on a thin
homogeneous sample
The geometrical arrangement is shown in Fig. 39. The problem has two
boundary conditions: current must be parallel to the sample edge and the
W - PLAN E
Ai
r2 r 3
Bi
FIG. 39. ILLUSTRATION OF HALL COEFFICIENT MEASUREMENT USING A
SQUARE ARRAY OF POINTS CENTERED ON A THIN CIRCULAR SAMPLE.
Current sources are A and A i - sinks are B and B i. Hall
voltage is measured between C and D. The magnetic field is
perpendicular to page.
surface integral of the current density about a source point must give
the current enclosed. A two-dimensional problem has been assumed where
the thickness of the sample w is much less than the probe spacing s.
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The current density of a point discharging to infinity then has cylindri-
cal symmetry given by J = i/2xrw where r is the radial distance from
the point. To satisfy the boundary condition of current flow parallel to
a boundary, image points are located at A. and B.. To locate these
1 i
points the problem is transformed from the unit circle of the W-plane to
the right-half Z-plane. The bilinear transformation W = (Z - I)/(Z + I),
z = (I + w)/(i - w) is used
The equations for current flow in a magnetic field are given by Barton
and MacDonald [Ref. i]. For a thin isotropic conductor in a perpendicular
magnetic field B, the conduction charges are acted upon by the electric
field E and the Lorentz force. If the net Lorentz force acts perpen-
dicular to both J and B then
3. = i(B) F, + i(B) R(H) 3. × fi (i)
where if(B) is the conductivity and R(H) the Hail coefficient. For
steady state
93"=0, 9xi=o. (2)
From Eq. (2), E = -9_ which leads in two dimensions to Laplace's equa-
tion _ = 0.
The solution is a matter of matching boundary conditions in accordance
with the current flow given by Eq. (i). In Fig. 40 current points A and
A. have been transformed into the Z-plane using the bilinear transforma-
1
tion. Point A is seen to be a Corbino current source with a radial
electric field and current paths that are logarithmic spirals. A boundary
conditon in the Z-plane is that no net current may cross the vertical axis.
To satisfy this boundary condition an image point A. is created whose
1
current paths are image logarithmic spirals. The electric field for the
image point A i is found from Eq. (i), and the potential is found from
= -9_.
IT. H. K. Barron and D. K. C. MacDonald, Physica, 24, SI02 (1958).
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Z- PLANE
/
FIG. 40. BOUNDARY CONDITION IS SATISFIED ALONG VERTICAL
AXIS BY ADJUSTING THE CURRENTS (DASHED LINES) FROM A i
TO IMAGE THOSE FROM A. Solid lines represent electric
field from sources.
The potentials for the sources shown in Fig. 39 are
_Ai= Z1 inrI ÷ K{ eI
_A = K2 in r2
_B = - K2 in r 3
%. :-h i.r4 -_ e4
1
' and _B
where K1, K1, and K2 are constants. The potentials _A i i
are multivalued; hence, a cut is made in the W-plane extending from -_
to A. and B. to _. The angles 81 and 84 are then measured in1 1
the counter-clockwise sense from the cut.
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The potential difference between C and D, VH, may now be computed
and it is seen that along the vertical axis all potentials cancel except
the angular-dependent part of _A. and _B.
l 1
v_ -- 2 z{[(_ ÷ a) - (_ - a)] (4)
It can be shown that
R H BI (5)K_ = - _w
so that the Hall coefficient is
RH- IB 4_
(6)
It can also be shown that the position of the image point
the probe spacing s and diameter d is such that
A. related to
1
2s 2
tan _ -
d 2
(7)
Combining Eq. (6) and (7), we obtain
RH- IB
(2s2_
4 arctan \d-_- ]
(8)
A correction factor is now defined as follows:
C H =
4 arctan \d2 /
(9)
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oEquation (9) was verified experimentally using 0.12 ohm-centimeter,
n-type Ge at room temperature. First, a large sample, 0.750" in diameter
and 0.010" thick, was measured in a magnetic field to 104 gauss. Two
smaller samples were then cut from this large disk. Probe spacing was
0.106" The smallest sample, 0.200" diameter, was measured using the
van der Pauw technique [Ref. 2] with contacts on the periphery. Experi-
mental correction factors were then calculated by comparing the van der
Pauw measurement to the square-array measurement.
A recently published analysis by Lange [Ref. 3] using the image
current sources with radial current paths undisturbed by the magnetic
field leads to:
C H' = 2X/[X + 4 arctan (2s 2/d2)] (i0)
for the same geometry.
A comparison between Eqs. (9) and (I0) and experiment is shown in
Fig. 41. It is seen that the new theory, as given by Eq. (9), follows
the experimental data points. For d/s > 5, the correction factor is
approximated by :
CH = _ = 0.393 (II)
As d/s approaches infinity, CH becomes infinite, and according to the
new theory, the Hall potential approaches zero. In contrast, the old
' as d/stheory, as given by Eq. (IO), predicts a value of 2 for C H
approaches infinity, so that the Hall potential reaches the non-zero value
of RHIB/2W. This shows clearly the necessity for modifying the current-
flow patterns by the magnetic field when d/s is greater than 1.414.
It is planned to extend the analysis either experimentally or, if
possible, analytically to cover the case where the sample thickness is
2L. J. van der Pauw, Phillips Tech. Rev., 20, 220 (1959).
3j. Lange, J. Appl. Phys., 3-0, 2659 (1964).
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FIG. 41. _LL-EFFECT CORRECTION FACTORS
USING A SQUARE ARRAY OF POINTS CENTERED
ON A THIN CIRCULAR SAMPLE. The new
theory is given by CH, the old theory
!
by C H.
comparable to and larger than the probe spacing. Such information is
desired to determine when the thin-sample approximation is no longer
valid.
The material presented in this report has been published in part in
the literature [Ref. 4].
4M. G. Buehler, W. Shockley and G. L. Pearson, Appl. Phys. Letters, 5,
228 (1964).
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Project 5103: ANOMALOUS DIFFUSION IN COMPOUND SEMICONDUCTORS
Office of Ordnance Research DA 31-124 ARO-D-155
Project Leader: G. L. Pearson
Staff: R. Mehta
The purpose of this project is to make a theoretical study of various
parameters leading to anomalous diffusion characteristics of impurities
into compound semiconductors.
Technical Report No. 5103-1 by Rajendra Mehta has been published.
The project is now closed.
Project 5107: PROPERTIES OF GaAs P-N JUNCTIONS
Tri-Service Contract Nonr-225(24)
Project Leader: G. L. Pearson
Staff: D.J. Dumin
This project is concerned with the study of some of the properties of
GaAs diodes. The temperature-dependent properties of the forward and
reverse currents are being studied. Other diode properties will be in-
corporated into these studies as time progresses.
Technical Report No. 5107-1 by David J. Dumin has been published.
The project is now closed.
Project 5108: A STUDY OF GaAs P_
x l-X"
Nat ional Aeronautics and Space Administration
Grant NAG-555
Project Leader: Gerald L. Pearson
Staff : Yen-sun Chen
The object of this project is to evaluate the optical, electrical and
metallurgical properties of the GaASxPl_ x alloy. Among evaluations of
particular interest to us are the investigation of the crystal structure
and its imperfections by the Kossel-line technique and by that of the
lattice absorption spectra as the mole fraction of GaAs, x, varies from
0to i.
Due to the efforts in this quarter, we are now above to grow single
crystal of GaASxPl_ x over the whole composition range; and these crystals
are very free of the free carrier absorption in the long wavelength region
to make our measurement of the lattice absorption spectra possible. The
following is a summary of the work performed in this quarter.
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A. CRYSTAL GROWTH
The method of open-tube epitaxial vapor growth [Ref. l] is now under
full control to supply us the samples needed in this project. Of the
twelve runs made during this period, the last seven yielded good single
crystals with composition ranging from 30 percent P to pure GaP. The
details of these runs are presented in Table 1.
TABLE i. CRYSTAL GROWTH DATA
Run No.
Temp.
Temp. Grad. °C/cm
Orientation
Angle Against Flow
By pass cc/minFlow of
H2 PC_ cc/min
AsC_ 3_-_ cc/min
Composition calculated %p
from flow rates
Growth time hrs
thickness (iii)_
Epitaxial (iii).
layer growth (lll)_/min
rate (l[[)v/min
Lattice constant
Composition %P
Energy Gap (for
Substrate
(_aAs)
No. 19 No. 20 No. 21 No. 23 No. 24
820
16
(iil),(iii)
0 °
82O
16
(lll),(iii)
0 °
820
16
(ill)
30 °
54 54 90
41 25 28
22 48 34
85 60 70
6 8 8
150-300 400 600
75 i00
.4-.8 .8 1.25
.2 .2
5.481 5.520 5.500
85 65.5 72
805 805
16 16
(iii) (ill)
30 ° 30 °
48 38
24 15
48 67
60 40
5.75 6
425 425
1.25 1.2
No. 25
8O5
16
(iii)
30 °
31
7
82
20
6
425
1.2
5.515 5.556 5.582
67.5 48 35
1.88 1.72
none none
= 10 cm -1, 300 °K) eV 2.13 2.02 2.07 2.05
IFree Carrier Absorption none some none none
Temperature of Ga source is at 950 °C; Run N_ 22 is pure GaP, made by Loescher.
* at 0 °C
*_ at 25 °C
The general remarks are given as follows:
1. The substrates used are GaAs, (111) oriented. To obtain uniform
deposition over the entire surface, we found the best arrangement is to
have the substrate inclined at an angle of 30 ° with respect to the direc-
tion of flow.
2. The epitaxial growth on (111) surface of GaAs is not only smoother
but also faster than that on (11[). The opposite was reported by Prehn
iSee SEL Quarterly Research Review No. I0 on this project.
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oand Gibbons [Ref. 2] in their experiments. These can best be appreciated
by the pictures presented in Fig. 42a, 42b, and 42c. The two epitaxial
layers are grown in one single run with the substrate standing parallel
to the flow so both surfaces are exposed at the same time and under the
same growth conditions.
3. We were able to grow crystals of a rather wide range of compo-
sition at fixed temperature merely by adjusting the flow rates of H 2
through PC_ 3 and AsC_ 3 bubblers. This greatly increased the repro-
ducibility of the process. In [Ref. 2], it was reported the composition
of the alloy is extremely temperature-sensitive, which seems to be con-
trary to the result of our experiment.
4. It is found that, to remove the epitaxial layer from the sub-
strate, the best etchant is two parts HNO3:HF(9:I ) and one part }{20.
This etchant etches only GaAs but not the alloy up through 65 percent As.
5. The lattice constant, hence the composition, is determined by X-
ray diffraction. A powdered sample of a mixture of the alloy and Si is
used. The (531) peak of the GaASxPl_ x alloy is generally situated between
the (531) and the (440) peaks of Si. With Cu K£Z radiation and the peaks
of Si as references, an accuracy of 2 X 10 -4 in the value of lattice con-
stant is possible; the equivalent accuracy in composition is .5 percent,
Figure 43 is a typical example of the measurement.
B. BAND EDGE ABSORPTION
These crystals have very sharp band edge absorption, which is com-
parable to those of GaP and GaAs. The main factor against using the
polycrystals grown in this same system last quarter to evaluate the lat-
tice vibration bands is that we have observed very poor band edge absorp-
tion from the transmission data. In Fig. 44, the percent transmission
data of a single crystal and a polycrystal grown simultaneously in Run
No. 19 are shown; notice that the polycrystal displays not only much
poorer band edge absorption but also less total transmission.
2j. Gibbons and P. Prehn, "Epitaxial Vapor Growth of III-V Compounds,"
Technical Report No. 4711-1, Stanford Electronics Laboratories, Stanford,
Calif., Oct 1963.
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a. Thickness of epi. layers;
left, on GaAs (_-i-_) sur-
face and right, on (lll).
b. Crystal grown on (iii)
surface of GaAs.
r
c. Crystal grown on (1-_)
surface of GaAs.
FIG. 42. APPEARANCE OF SAMPLE NO. 20 AFTER
GROWTH (ALL 50×).
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FIG. 43. X-RAY DIFFRACTION PATTERN OF
POWERED SAMPLE OF Si GaASxPI_ x.(a --s.szs A)
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FIG. 44. COMPARISON OF TRANSMISSION DATA NEAR
BAND EDGE.
At the growth zone, there exist excess Ga atoms; this can be demon-
strated by the reactions proposed in Ref. 2:
4PC_ 3 + 12Ga--===-_I2GaC_ + 1)4 at 950 °C
12GaC_ -_46aC_ 3 + 8Ga at 800 °C
8Ga + P r4GaP + 4Ga at 800 °C
4
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Thus if no seed is provided in the growth zone, small grains of crystals
are grown to form polycrystal leaving room in between grains to catch
excess Ga atoms. We believe this is why we have observed such low overall
transmission as well as the poor band edge absorption. However, it is
possible to detect the combination phonon bands in these polycrystals.
This, we believe, is due to the fact that the wavelength of the combina-
tion phonons is very small; thus although the crystal is "contaminated"
by excess Ga atoms, the grain is still large enough to support the vibra-
tion modes.
A typical band edge absorption is presented in Fig. 45 where 1/2
I
is plotted against the photon energy. The slope of this line is compar-
able to that of GaP reported by Eden [Ref. 3].
12 I
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_8
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U
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N
32957
/
/
,4,
// _k,_. SLOPE = 140 cm-U2eV-U2
/
I/ I , I ,
2.040 2.080 2.120
PHOTON ENERGY (eV)
FIG. 45. CZI/2/ VS PHOTON ENERGY AT BAND EDGE OF
SAMPLE NO. 23.
3R. Eden, "Band Structure of Gallium Phosphide," SEL Quarterly Research
Review No. 9.
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C. LATTICE ABSORPTION SPECTRA
It is purposefully arranged that the crystals we grew should have
composition values rather widely separated. The purpose is twofold:
I) to learn the growth process, and 2) most importantly, to have a
general understanding of the variation of the lattice absorption spectra
over the entire composition range. These crystals were subject to the
measurements of the combination bands as well as the restrahlen band.
The experimental procedures were described in our previous reports. The
results are given below.
i. Restrahlen Band
In Fig. 46, we have plotted the reflectivity vs wavelength in the
region of 20_ to 35_ of Sample No. 23, No. 24, and No. 25. The result
0.6
>-
-_ 0.4
I-
_J
u.
w
Iz
0.2
0
32958
! I I
e23 / \
/ \
- e24 / \
/ \
/ /S=% '
/ i
_'_j v/
I I I
24 26 28
WAVELENGTH (/.¢)
3O
FIG. 46. RESTRAHLEN BANDS.
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fits very well into our recent data [Ref. i]. The values of reflectivity
just above the restrahlen band are used to help determine the absorption
coefficients of the combination bands of various samples.
2. Combination Bands
-i
The absorption coefficient vs wave number in the region of 400 cm
-i
to 800 cm of Sample No. 19, No. 23, No. 24, and No. 25 are given in
Figs. 47, 48, 49, and 50 respectively. In each of these figures, the
lattice absorption spectra of GaP and GaAs are also given as references.
The absorption coefficient _ is determined from
T = (I - R) 2 e "_y
(I - R) 2 e -20_y
where T is the transmission, R is the reflectivity and y is the
thickness of the sample.
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FIG. 47.
GaP
GaAs
SAMPLE _ 19 ---
600
WAVE NUMBER (cm -I )
I
LATTICE ABSORPTION BANDS OF GaAs.15P.85 AT 300 °K.
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FIG. 48. LATTICE ABSORPTION BANDS OF GaAs.325P.675
AT 300 OK.
FIG. 49. LATTICE ABSORPTION BANDS OF GaAs. 52p. 48
AT 300 °K.
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3. Discussion
-i -i
i. The band of GaP at 575 cm and that of GaAs at 525 cm exhibit
a clear superposition in GaASxPl_ x. The former gradually shifts
toward longer wave length and decreases in intensity as x in-
creases; the opposite is true for the latter. In Sample No. 25,
-i
these bands almost overlap; they are only 6 cm apart.
2. The effect of the fundamental absorption on the total absorption
gradually increases as x decreases; this agrees with the observed
shifting of the restrahlen band.
-I
3. A new broad band, small in intensity, emerges at 610 cm as x
increases beyond 0.4. The exact reason is not known.
-I -i -i
4. The bands of GaP at 721 cm , 739 cm and 755 cm also shift
toward longer wavelength as x increases. But we were unable to
resolve the three peaks at x > 0.3. Since these bands are quite
isolated from any of the GaAs bands, we are able to obtain the
dimensionless quantity f_dh as the integrated in%ensity [Ref. 4]
of this group of peaks. In Fig. 51a, we have plotted _ vs k of
these samples in the region of 12_ to 15_, and in Fig. 51b, the
4D. A. Kleinman and W. G. Spitzer, "Infrared Lattice Absorption of GAP,"
Phys. Rev., 118, ii0, 1960.
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integrated intensity f_l_ vs composition x. For GaP, the value
of f_d_ _ 7 _ 10 -3 is given by Spitzer [Ref. 4]; except for this
point, the rest of the points form a straight line through the
origin. This means that the integrated intensity is in direct
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proportion to the mole fraction of phosphorous contained in the crystal,
which strongly suggests a clustering model favored also by the super-
position of combination bands of GaAs and GaP in the alloyed crystal.
Project 5109:
A. PART I
EPITAXIAL GROWTH OF III-V SEMICONDUCTOR COMPOUNDS
National Aeronautics and Space Administration
Grant NsG-555
Project Leader: G. L. Pearson
Staff: J.W. Allen, D. H. Loescher
The purpose of this project is to examine and control the crystal-
lographic and electrical properties of III-V compound semiconducting
materials grown epitaxially by vapor deposition. Our interests have
been concentrated on the compounds GaP and GaAs.
Semiconductors owe their usefulness in large part to the sensitivity
of their properties to the presence of small amounts of impurity. Despite
their importance we can only describe these impurities in phenomenological
terms at the moment and it is impossible to predict a priori their
energy levels, capture cross-sections, optical cross-sections etc., except
in the special case of shallow hydrogen-like impurities. As a first step
toward the solution of the general problem we are studying the properties
of the 3d n transition ions in semiconductors: these have the advantage
that the d-shell can be described in terms of perturbed free-ion orbitals.
They are also of considerable technological importance. Crystal field
spectra (i.e., optical transitions to excited states) have been observed
for transition metals in ZnS [Ref. i], CdS [Refs. 1,2] and ZnSe [Ref.3].
An attempt has been made to relate these spectra to the ground state
energies [Ref. 4], which are the ones of importance for electrical proper-
ties. Gallium phosphide is a good material for this type of study as its
band gap (2.25 eV) makes it suitable for optical and electrical
measurements.
IH. A. Weakliem, J. Chem. Phys., 36, 2117 (1962).
2R. Pappalardo and R. E. Dietz, Phys. Rev., 123, 1188 (1961).
3j. W. Allen, to be published.
4j. W. Allen, Proc. Int. Conf. Semiconductors, Paris, 1964.
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Optical absorption in GaP containing Fe, Co and Ni has been measured
and interpreted as being due to the divalent ions in tetrahedral fields.
-1
The crystal field parameter _ is of the order of 4000 cm , while the
Racah parameters are reduced to about 0.4 of the free ion value. In
addition absorption edges are seen which may be due to charge transfer
transitions.
It is planned to extend these measurements to single crystals,
and to study the electrical properties such as conductivity and
phot oconduct ivit y.
B. PART I I
In order to achieve the goals outlined in Part I we intend to make a
complete study of cobalt in gallium phosphide. Cobalt has been chosen
for this study because it should be quite soluble in GaP and because it
has a convenient isotope i.e., Co 60. The general procedure will be first
to measure the solubility, and the diffusion constant, of Co in GaP as a
function of temperature and as a function of the conductivity type of the
base crystal. Once the data necessary to do predictable diffusions is
obtained we plan to prepare samples with various amounts of Co and measure
the "energy levels" of Co in GaP. The Hall effect and optical absorption
wi±_ be used to _^+ --_ these le_,_ls
The solubility of Co in GaP can be estimated by using a Darken-Gurry
plot [Ref. 5]. This plot is based on the experimental evidence that solid
solutions form most easily when the atomic radius and electronegativity
of the solvent atoms are approximately equal to those of the solute atoms.
In the case that the solvent is a compound we use the average value of
the atomic radii of the constituents of the compound and also the average
electronegativity. The atomic radius of Co is r(CN12) = 1.252A while
the electronegativity is _ = 1.8 eV. The values for GaP are respectively
r _ 1.3A and X _ 1.85 eV. We see that the values for Co and those for
GaP are very nearly the same. While this agreement of atomic radii and
electronegativities suggests that Co should be reasonably soluble in GaP,
5L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, McGraw-Hill,
New York, 1953, p. 86.
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it does not guarantee that there will be any solubility. In order to
obtain more information on the solubility of Co in GaP, it is necessary
to consider the process of solution in more detail.
In order to apply thermodynamics to the problem of estimating the
solubility of Co we must create a model of the process of a solute and
a solvent forming a solution. The following steps have been suggested
[Ref. 6]:
1. Cobalt atoms leave cobalt crystal, LkHsc °
2. GaP bonds are broken and CoP bonds are formed, 2XHchem
3. The crystal is strained by the substitution
of a cobalt atom for a gallium atom, 2_Ist
4. A gallium atom condenses out on the surface
of the crystal 2_I Ga
s
The symbol to the right of each step indicates the change in enthalpy due
to the process. The quantities 2XHsc ° and 2MIsG a are the heats of sub-
limation of Co and Ga respectively. The bond energy change 2MIchem may
be estimated using a result of Paulings [Ref. 7]. The strain energy is
discussed fully by Casey [Ref. 8]. Then
LkH = L_Hsc ° + LkHchem + LXHs - 2_HsG a (1)
Casey has also shown that the concentration of solute atoms may be
written in the form [Ref. 8]
C = C e -LkH/kT (2)
o
Consequently, the calculation of 2MI can provide us with valuable in-
formation about the temperature dependence of the solubility. In formula
6H. C. Casey, Jr., "Rare Earths in Covalent Semiconductors: The Thulium-
Gallium Arsenide System," Stanford Electronics Laboratories, Technical
Report No. 5105-1, June 1964, p. 33.
7Linus Pauling, The Nature of the Chemical Bond, Cornell Univ. Press,
Ithaca, New York, 1960, p. 91.
8H. C. Casey, Jr., "Rare Earths in Covalent Semiconductors: The Thulium-
Gallium Arsenide System," Stanford Electronics Laboratories, Technical
Report No. 5105-1, June 1964, pp. 33-37.
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o(1) k is Boltzmann's constant and T is the temperature in degrees
Kelvin. Performing the calculations of the LXH's one finds /XH = 4.4 eV.
This very large value of LXH means that the solubility of Co in GaP
should be a very strong function of temperature. Regrettably, it is not
possible to calculate the constant C in Eq. (2) with any accuracy.
o
Also the constant is of the order of 1025-1030, so it cannot be ignored.
Consequently, we cannot predict the absolute solubility of Co in GaP, but
we can predict the temperature dependence of the solubility. By combining
the calculation of LXH and the results of comparing atomic sizes and
electronegativities, we conclude that Co may be quite soluble in GaP and
that the solubility should be strongly temperature dependent.
Because of the predicted strong temperature dependence of the solu-
bility, we have begun a program of high temperature diffusions of Co into
GaP. We have encountered the difficulty that simple heat treatment at
the diffusion temperature, 1160 °C, causes decoration of the grain
boundaries in polycrystalline material and also causes absorption on the
long wavelength side of the absorption edge of the GaP. This latter
effect is also seen in epitaxial single crystal samples subjected to the
same heat treatment. Since these effects could mask or confuse the
effects of Co, we are trying to find the cause of these effects and
eliminate it. Since the effects on the band edge absorption are similar
in both the single crystals produced in this laboratory and the poly-
crystals purchased from Merck and Company, it seems that the effect cannot
be due to an impurity in the GaP. The possibility that an impurity, such
as copper, is diffusing out of the quartz diffusion ampoule into the
material has been considered and is being investigated. As soon as this
problem associated with simple heat treatment is solved, the work on Co
diffusions will be continued.
In order to have GaP for diffusion studies, it has been necessary to
produce our own epitaxial crystals. We are now able to produce large
(approximately 3 am 2) pieces of GaP about 17 mils thick in six hours.
The epitaxial system has been described by Chauvy in previous editions
of this report [Ref. 9]. The next step in the epitaxial growth will be
9D. Chauvy, Quarterly Research Review No. 8, SEL-64-038, Stanford
Electronics Laboratories, Mar 1964.
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the development of a procedure to grow doped single crystals. Of the
three common n-type dopants (Te, S, and Si), the last one, in the form
of SIC14, appears to be most easily introduced into the present system.
After producing single crystals with various doping densities, it will be
possible to study the effect of the doping density on the solubility of
Co in the crystals.
In conclusion, we have begun a program to study the effects of Co as
a dopant in GaP. At this time, we are producing epitaxial single crystals
into which to diffuse Co. Also work on high temperature diffusions has
been progressing.
Project 5110: THE EFFECTS OF GAMMA RADIATION ON SILICON
SEMICONDUCTOR DEVICES
Office of Ordnance Research DA 31-124 ARO(D)-I55
Project Leader: G. L. Pearson
Staff: D. Landis*
The purpose of this work is to study the effects of gamma radiation
on silicon semiconductor devices, to relate the observed device changes
back to the effects of radiation on silicon material, and to use this
information to find methods for predicting the amount of damage a given
device would experience in a radiation environment.
Vitovskii, et al [Ref. i], using Hall measurements, have observed
three gamma-induced energy levels in the forbidden band of silicon. They
are an acceptor level at E - 0.18 volts, a donor level at E + 0.23
c v
volts, and an acceptor level "near" E - 0.5 volts, for which they find
c
an introduction rate of about 105 levels/cm per Rad(e)/cm 2. Since Si
becomes intrinsic after receiving enough radiation, there should also be
a radiation-induced donor level near the center of the forbidden band.
This level has been observed for some types of radiation, but not yet
for gamma radiation. Since these deep levels largely control the per-
manent radiation damage to devices such as unijunction and field-effect
*Lockheed Fellow.
IN. A. Vitovskii, T. V. Mashovets, and S. M. Ryvkin, "Energy Spectrum of
a Gamma-Radiation Induced Defect in Silicon," Soy. Phys.--Solid State,
4, 10, Apr 1963, p. 2085.
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transistors, affect saturation voltages in many devices, and should
have a major effect on the recombination characteristics in junctions
and base regions of transistors, they are being studied.
One method of studying the introduction rates and energies of
radiation-induced defect levels is to measure the resistivity of the
silicon as a function of radiation dose. If n-type silicon is irradiated,
the deep acceptor level will remove electrons from the conduction band.
The change in resistivity gives a measurement of the number of electrons
removed. The condition of charge neutrality gives
+ (1)n =N D -
where n is the number of conduction electrons, N_ is the donor density
obtained from pre-irradiation resistivity measurements, and NA _ the
number of acceptors introduced by the radiation times the fermi factor,
f(EA) , which gives the fraction of acceptors occupied by electrons.
NA may be calculated from
N; = NA f(EA) = R */_ + exp[(q/kT)(E A - EF)] ] , (2)
where R is the introduction rate of defects per unit radiation dose
(assumed linear with dose), _ is the total radiation dose, EA is the
energy of the acceptor level, and EF is the fermi level. EF may be
found from
EF - E.1 = (kT/q) in (n/hi) , (3)
where the symbols have their usual meaning in semiconductor theory. Note
that EF is an experimentally measured variable found directly from the
measurement of n.
The parameters R and EA may therefore be determined from resis-
tivity data as a function of radiation dose. Certain parameters of sili-
con must be assumed in the analysis of the data. The parameters assumed
in the analysis reported here are: the electron mobility (_n) is
1450 cm2/volt-sec and is constant since the total number of charged
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3
scattering centers is always less than 1014 per cm in this work; the
intrinsic conduction electron concentration (ni) is 1.5 X 10 l0 electrons/
3
cm , and the intrinsic fermi level __(Ei) is at E - 0.543 volts.
C
Two experiments have been performed on high-resistivity n-type sili-
con. The first consisted of the irradiation of four unijunction trans-
sistors [Ref. 2]. The results are shown in Fig. 52. The calculated
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FIG. 52. CARRIER CONCENTRATION VS TOTAL RADIA-
TION DOSE SHIELDED N-TYPE SILICON (UNIJUNCTION
TRANSISTORS).
gamma-induced energy level responsible for the increase in resistivity
is EA = E - 0.450 ± 0.004 volts. (The error is statistical probable
C
error of the mean.) The introduction rate of this defect is 1.36 ±
0.04 X 106 levels/cm per Rad(C)/cm 2. Since all of the data is used in
2The unijunction transistor data was taken by W. D. Rausch of Lockheed
Missiles and Space Company. We are grateful for his allowing us to
use the data.
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Qo
the calculations, the goodness of fit of the assumed mathematical form
for carrier removal cannot be examined. The only other data point avail-
able from this experiment is believed to have been taken at a higher
temperature than the rest and hence is not usable in the analysis. The
unijunction transistor cans provided 0.012" of steel shielding between
the radiation source and the silicon chips.
The second experiment is still in progress at the time of this report
after some 300 hours of irradiation. The data so far acquired are shown
in Fig. 53. A fit to three points of this data gives the energy level
4 xlO"
3xlO I=
E
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2xlO m
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iO t=
SOLID LINE: n =3.838x10 ==-
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FIG. 53. CARRIER CONCENTRATION VS RADIATION DOSE HIGH
RESISTIVITY N-TYPE SILICON.
at E = 0.422 volts and the introduction rate as 2.35 X 104 levels/cm
C
per Rad(C)/cm 2. This sample is bare unshielded silicon. The level at
E = 0.18 volts may be significant to a few percent in this experiment
C
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especially at the lower radiation levels. Whenthe experiment is complete
a least-squares fit using the Stanford B-5000 computer will be madeon
the data to obtain the introduction rates and energies of both defect
levels, along with their statistical errors. The more thorough analysis
should give a better fit of theory to experiment, particularly at the
lower radiation levels.
The difference in defect introduction rates in the two experiments
described above is very probably because of the Comptonelectrons gen-
erated in the steel can of the unijunction transistor. From the cross
sections involved it is apparent that the only mechanismby which 1.25
Mevgammaradiation can significantly damagesilicon is if the gammaray
gives rise to a Comptonelectron which in turn knocks a silicon nucleus
from its place in the lattice, so that the difference in introduction
rates noticed is not surprising. At somethickness of material between
the radiation source and the sample, the Comptonelectron and gammafields
will be in equilibrium in the sample of silicon. Calculation of this
thickness is mathematically an extremely difficult problem in radiation
transport theory; however, a series of experiments scheduled for January
should provide a value for the thickness of silicon shielding needed to
reach equilibrium in the sample of silicon. The expected results of this
experiment are sketched qualitatively in Fig. 54, though the shielding
effect (the falloff at large thicknesses) shown in the figure is probably
greatly exaggerated. These results, particularly the fact that the in-
troduction rate found above for unshielded silicon was one-fifth of
Vitovskii's result, indicate that Vitovskii probably had someshielding
between his sample and his Co60source, a point not mentioned in his
paper. It is apparent that for useful predictions of radiation damage,
at least from gammaradiation, the thickness and nature of the material
between the silicon and the gammasource must be known. For uniformity
of results and to insure uniformity of damagethrough the sample, the
radiation experiments should be conducted with a shield thick enough to
reach the Comptonelectron-gamma equilibrium.
An experiment scheduled for the last week in Decemberwill search for
the hitherto unobserved donor level which should be near the center of the
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FIG. 54. SKETCH SHOWING EXPECTED VARIA-
TION OF DAMAGE RATE IN SILICON WITH
THICKNESS OF SHIELDING.
forbidden band. This experiment will involve the irradiation of high
resistivity p-type silicon.
The experiment on n-type silicon described above requires several
minutes to stabilize after the removal of radiation from the silicon
sample. This probably indicates the presence of a radiation induced,
long lifetime surface trap, possibly the same one which caused a failure
in Telstar I [Ref. 3]. The instrumentation presently being used in the
experiment requires too long a reading time to allow study of this state,
but an automatic data collection system being installed in the Lockheed
gamma cell should alleviate this problem.
Attempts to observe characteristics of levels introduced by radiation
from junction measurements have so far been inconclusive, probably because
of the surface effect mentioned above. Efforts are still being made to
acquire or build the guarded junctions described in the last quarterly
report, but cost is a problem here.
3
D. S. Peck, R. R. Blair, W. L. Brown, and F. M. Smits, "Surface Effects
of Radiation on Transistors," Bell Sys. Tech. Jour., Jan 1963, p. 95.
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Project Slll: DIFFUSION OF IMPURITIES IN COMPOUND SEMICONDUCTORS
UNDER PARTIAL PRESSURE OF ONE CONSTITUENT
Tri-Service Contract Nonr-225(24)
Project Leader: G. L. Pearson
Staff: K.K. Shih
The purpose of this project is to make a study of various parameters
leading to anomalous diffusion characteristics of impurities into com-
pound semiconductors as a function of the partial pressure of one
const it uent.
A. EXPERIMENTAL PROCEDURES
The GaAs samples were n-type single crystals. These samples were
lapped parallel and polished; then cleaned and degreased.
The prepared samples were loaded in the clean quartz ampoules, to-
Zn 65gether with the diffusion source and arsenic. The ampoules were
sealed in vacuum. The volume of the ampoules was about 1 to 2 mls..
Zn 65The amount of diffusion source was of the order of 2 to 3 milligrams
which was calculated to be sufficient to maintain a constant zinc pres-
sure during the diffusion at 900 °C and 90 minutes. In order not to let
the sources contact directly with the samples, a special geometry of the
ampoules as shown in Fig. 55 has been used.
Tu.E
INNER PLUG
AMPOULE
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FIG. 55. A SCHEMATIC DIFFUSION AMPOULE.
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The ampoules were then put into a furnace for diffusion at 900 ± 2 °C
for 90 minutes. After diffusion, the samples were removed from the
ampoules, and they were washed in dilute HC_ to get rid of the zinc and
arsenic condensed on the surface of the samples. They were cut into cir-
cular wafers 0.2 in. in diameter. The sheet resistivity Ps was then
measured by the four point probe method: its value for a 0.2 in. diameter
wafer is equal to 4.1716 V/I ohms/square.
The junction depth x. was measured by microscope after the samples
3
were cleaved and strained.
The samples were then mounted on aluminum holders. Diffusion pro-
files were obtained using standard lapping, weighing, and counting pro-
cedures. The surface concentration C was determined from these plots.
o
B. EXPERIMENTAL RESULTS AND DISCUSSION
The GaAs samples except Sample No. 9 had the following properties
initially.
i. Boat grown n-type crystal.
2. N d 4.1 8.9 × 1015 -3 cm 2= - cm , _ = 4400 - 4800 /v-sec,
p = 0.15 - 0.36 ohms-cm.
3. [111] orientation.
The weight of the samples, the volume of the ampoules, and the amount
Zn 65of diffusion source and arsenic which were used in the diffusion
experiments were listed in Table 1.
TABLE 1
SAMPLE NO.
Wgt. of the
sample (g)
Net ampoule
Vol. (cm3)
Zn65 (mg)
AS (mg)
1 2 3 4 5 6
0.3144 0.3909 0.2989 0.3584 0.2976 0.3592
1.49 I.I 1.74 1.24 1.79 1.03
2.535 3.792 2.745 3.55 2.36 1.687
0 0.342 1.079 1.2 2.68 1.83
7
0.3542
1.29
3.517
8.04
8
0.3114
1.94
2.28
22.61
_Sample No. 9 had Nd = 2.5 × 1016 cm -3, _ = 4410 - 5100 cm2/v-sec,
and p = 0.05 - 0.07 ohms-cm initially.
9_
0.2642
0.8
1.85
23.97
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If we assume that there is no interaction between zinc and arsenic,
or in other words, all the arsenic becomes vapor during the diffusion
process, and we also assume that the arsenic pressure is dominated by
tetramers, and the contribution due to dimers and monomers are small,
then we can calculate the arsenic pressure PAS 4 and their values are
tabulated in Table II.
SAMPLE NO. 1 2
Calculated
PAS 4 (atms.)
0.1
TABLE II
3 4 5 6 7 8 9
0.2 0.31 0.42 0.57 2 3.75 9.6
The diffusion profiles are plotted in Figs. 56, 57, 58, 59 and 60.
The sheet resistivity fis' the junction depth xj, average conductivity
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FIG. 56.
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DIFFUSION PROFILE OF Zn IN GaAs AT 900 °C
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0m
ff and the surface concentration C vs the calculated arsenic pressure
o
PAS4 are plotted in Figs. 61 and 62.
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FIG. 61.
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x., AND _ AS FUNCTION OF ARSENIC PRES-
VARIATION OF Psi' j
SURE FOR Zn DIFFUSION IN GaAs AT T = 900 °C AND t = 1.5 HRS
ASSUMING THAT THERE IS NO INTERACTION BETWEEN- As AND Zn.
The experimental results indicate that there is almost no change for
the values of Ps' xj, and Co when the calculated arsenic pressure is
less than 0.3 arms. Hence the arsenic pressure which we calculated by
assuming that there is no interaction between zinc and arsenic at 900 °C
is not true. There is a possibility of the formation of a second condensed
phase. Two such phases are known in Ga-As-Zn ternary system: ZnAs 2 and
Zn3As 2. However, only the latter would be easy to form under the present
condition, since the melting point of ZnAs 2 is 771 °C.
After studying the amount of zinc and arsenic used for these experi-
ments, it is found that the weight of zinc is higher than that of arsenic
for the cases for which the calculated arsenic pressures are less than
0.3 atms., while for the cases for which the calculated arsenic pressures
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FIG. 62. VARIATION OF SURFACE ZINC CONCENTRATION AS FUNCTION OF
ARSENIC PRESSURE FOR Zn DIFFUSION IN GaAs AT T = 900 °C AND t =
1.5 HRS ASSUMING THAT THERE IS NO INTERACTION BETWEEN As AND
Zn.
are greater than 0.3 arms., the weight of arsenic is higher than that of
zinc. Therefore, we can conclude that the weight of the zinc and the
weight of the arsenic are two important parameters in studying the dif-
fusion problems.
Now, we can propose a very crude model to explain the above phenomena
as following:
i. If the weight of the zinc is greater than that of arsenic during
diffusion, most of the arsenic will combine with the zinc to form
solid Zn3As2, and some of the arsenic may mix with the zinc to form
zinc-arsenic liquid, and there is almost no free arsenic left. The
dissociation pressure of Zn3As 2 at 900 °C is very small so that the
total arsenic pressure will be very small, which means that the
effect of the arsenic will be small too for this case.
2. On the other hand, if the weight of the arsenic is greater than
that of zinc, then most of the zinc will combine with the arsenic
SEL-64-133 II-46
t0.
to form solid Zn3As2, and there is almost no free zinc left. For
the first order of approximation, the zinc pressure will be deter-
mined from the dissociation pressure of Zn3As2, and the arsenic
pressure can be determined from the free arsenic left in the
ampoule.
In order to obtain some evidence to show that the above is a possible
mechanism which could explain the results of our diffusion experiments,
two additional experiments have been done. In both cases, we used the
same amount of arsenic, which corresponds to 0.53 arms. (calculated
arsenic pressure), but different amount of zinc. The results were plotted
in Fig. 63. From Fig. 63, we observed that the diffusion profiles are
completely different even though the same amounts of arsenic have been
0 Zn • 3.43 MGS.
A Zn ,, 1.945 MGS.
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FIG. 63. DIFFUSION PROFILES OF Zn IN GaAs AT 900 °C
FOR 1.5 HRS WITH SAME AMOUNT OF EXCESS As ADDED
CORRESPONDING TO YAS 4 (CALCULATED) = 0.53 ATMS.
The amount of Zn used = 3.43 and 1.945 mgs
respect ively.
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used for these experiments. For the case that the zinc concentration is
higher, the diffusion profile is almost the same as Fig. 56, that is, the
excess arsenic did not have any effect in this case since its amount is
less than that of zinc. For the other cases when the concentration of
zinc is lower, the diffusion profile changes abruptly.
Project 5112: EPITAXIAL GROWTH OF GaP
National Aeronautics and Space Administration
Grant NAG-555
Project Leader: G. L. Pearson, J. L. Moll
Staff: T. Koike
The purpose of this project is to apply the close-spaced epitaxial
growth technique to GaP in order to study its optical and electrical
properties.
During this quarter some improvements to the experimental system and
the method of the growth were sought in order to obtain better control of
the growth process.
As reported in the previous report, the temperature was measured both
by an optical pyrometer and a thermocouple embedded in one of the carbon
blocks. Difficulties in temperature measurements were often encountered
since we could not eliminate deposition of the growth materials on the
reaction tube wall and pick-up of the rf energy through the thermocouple.
Various methods were tested to reduce these interferences. Under all
circumstances the real temperatures at the surfaces of the source and the
substrate are difficult to measure and certain care must be taken when
experimental parameters such as the separation between the source and
the substrate are changed.
We have also tried to improve the source material to obtain uniform
growth over a longer period of time. The GaP sources used in most of the
experiments were purchased from Merck and were composed of relatively
largegrains. Because of the large grains with different orientations
in the source, the reaction does not take place uniformly on the surface
of the source and the proper separation between the source and the sub-
strate cannot be kept for a long period of time. To eliminate this effect,
pressed-powder sintering was tested by using a few different binder mate-
rials. After some preliminary trials we obtained reasonably good results
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with paraffin as the binder. The powdered mixture of GaP and GaAs was
pressed in a stainless crucible with a stainless piston with a hydraulic
press (3,000 pounds per square inch) and then fired in an open tube for
several hours at 800 °C. After the firing, the source material was heated
for several hours at Ii00 °C in a closed ampule with added phosphorus to
keep one atmosphere pressure of phosphorus inside the tube. A good single
crystal was obtained using this source.
The whole experimental system is now being redesigned for further
improvements of the growth method and more experiments on source materials
of different compositions are expected.
Project 5207: RADIATIVE LIFETIME MEASUREMENT IN GaAs
Tri-Service Contract Nonr-225(24)
Project Leader: W. E. Spicer
Staff: Jdri Vilms
This project consists of a study of radiative lifetime in uniformly
doped p-type GaAs as a function of temperature, by means of photolumines-
cence and electron lifetime measurement.
Final report is in preparation for publication.
Project 6758: ANALYSIS AND SYNTHESIS OF SOME ADAPTIVE NETWORKS
Tri-Service Contract Nonr-225(24)
Project Leader: B. Widrow
Staff: Donlan Jones
The objective of this project is to attempt to find a mathematical
technique which will facilitate the analysis and synthesis of some
adaptive networks composed of Adalines and fixed logic.
Further analysis has indicated that a mathematical device called the
generalized inverse can be useful in representing least-square-error
training procedure applied to Adalines. It is believed that interpre-
tation of this will apply to Ridgway training of Adalines. Investigation
of this mathematical device in the synthesis of Adaline networks is being
continued.
Not only has the generalized matrix inverse (g.i.) been shown to be
a model of least-mean-square-error training of Adalines, but it has also
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tbeen used to derive necessary and sufficient conditons for the realiz-
ability of a set of patterns used to train Adalines according to Ridgway
adaption. Further, rules have been derived using the generalized inverse
which allow for the systematic synthesis of a number of different types
of adaptive networks. These networks are Adalines feeding OR, AND, and
MAJORITY GATES (Madalines), and also cascaded networks of Adalines.
Present investigation includes the possibility of an Adaline being
a matrix generalized inverse taker. Also, relationship of Adalines to
the general theory of generalized inverses is being investigated.
A final report is in the process of publication.
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Project 6103: PATTERNRECOGNITIONANDMACHINELEARNING
Tri-Service Contract Nonr-225(24)
Project Leader: N. Abramson
Staff: S. Estes, J. McLaughlin, S. Fralick
A. MEASUREMENTSELECTIONFOR PATTERN CLASSIFICATION - S. Estes
This period has been devoted almost exclusively to experimental work.
First we have investigated the effectiveness of several ordering procedures
in selecting measurements for classification by linear diseriminants with
known normal distributions. Even though the scope of the experiments was
limited because of the data which could reasonably be obtained, agreement
with the theory was accurate enough that we are inclined to accept the
results as typical. For example, on 2000 patterns an error rate of 0.008
(theoretical 0.0075) was observed using ll selected measurements compared
to an error rate of 0.006 (theoretical .0055) on the entire set of 32
measurements. Second, the theoretical result which was previously given
for error probability using estimated parameters and linear discriminants
was found to be very accurate using training sets with 18 and 32 patterns
per class with 32 measurements on each pattern.
Somewhat less effective but still accurate enough to be of value is
the prediction of performance using only information available from the
training set. The significant problem in this application is in the effect
of treating order statistics (obtained by applying the ordering procedures
to sample quantities) as if they were simple samples from the underlying
distributions.
An extensive discussion of the experiments and theoretical results
will be presented in a report which is presently being prepared.
B. MACHINE RECOGNITION OF BINARY PATTERNS - J. McLaughlin
As previously reported, each pattern vector X is regarded as an
element of a modulo-2 vector space. Methods of finding the subspace
spanned by a training set for a single pattern class can be extended to
give a linear, invertible transformation T such that the components of
Y = T(X) have the following properties on the training set:
1. A maximum number of transformed measurements (components of Y) are
zero on the entire training set.
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2. A maximumnumber of transformed measurementsare zero on all but
one of the training vectors, consistent with condition 1.
3. A maximumnumber of transformed measurementsare zero on all but
two of the training vectors, consistent with conditions 1 and 2.
The methodused to find T tends to makeadditional measurementszero
most of the time. The procedure also tends to make the transformed
measurementsstatistically independent. It has been found experimentally
(on experiments with handwritten numerals) that the transformed measure-
ments are divided rather sharply into two groups, one group in which the
measurementsare zero on almost all the training set, and the other group
containing measurementswhich are zero for about half the training vectors.
Thus this procedure tends to separate measurementsinto a good group and a
bad group. It is not knownwhy such a sharp distinction occurs. A re-
port on this project is being prepared.
C. LEARNINGWITHOUTA TEACHER- S. Fralick
A final report of this portion of Project 6103 is in preparation.
For an abstract of this report, see the previous quarterly report.
Project 6105: INFORMATION THEORY
Tri-Service Contract Nonr-225(24)
Project Leader: N. Abramson
Staff: N.T. Gaarder
This project is concerned with a variety of problems of information
theory. At the present time, we are investigating the design of a detec-
tor to process the random field, y(t,X) = si(t,X ) + n(t,X), the sum of
a signal field, si(t,X), and a noise field, n(t,X).
The design objective is the minimization of the probability of error
in estimating which of the hypotheses:
H0: y(t,X) = s0(t,X) + n(t,X)
or
HI: y(t,X) = Sl(t,X ) + n(t,X)
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is true. Since the detector consists of N point detectors constrained
to lie in a plane [the output of a point detector located at position X.
I
is the random
process y[t,Xi)], the detector design must consider the
processing of the point detector outputs and the configuration of the
point detectors. The primary application of the work is in the design
of seismometer arrays; however, the results are also applicable to the
design of arrays of hydrophones and dipoles.
Two models have been investigated to represent the signal flelds,
si(t,X), i = 0,1. The first model assumes that in the plane occupied
by the point detectors, the signal fields are known, spatially homogeneous
and isotropic fields [i.e., si(t,X ) = si(t)]. The second model assumes
that in the plane occupied by the point detectors, the signal fields may
be represented as the outputs of a time and space varying random linear
filter:
pi ( i2Rftsi(t,X) = H(t,X;f) f) e dr,
where H(t,X;f) is a homogeneous and spatially isotropic, zero mean,
gaussian random field, and P.(f) is a known function. The noise field,
1
n(t,X), is assumed to be a spatially homogeneous and isotropic, zero
mean, gaussian random field. In addition, it is assumed that the covari-
ance function of the noise, kn(_t,llZIXll ) = E[n(t,X) n(t + _t, X + ZiX)],
is separable into a temporal covariance function, kt(_t), and a spatial
covariance function, kx(NZiXll) [i.e., k n(_t, IIZIXlI) = k t(_t) kx(IIZIXII) ].
A brief description of the results obtained for the first signal
model has been given previously ( Quarterly Research Review No. i0 ). A
complete description of the results for both signal models is contained
in a report, "The Design of Point Detector Arrays," to be published
shortly. Included in this report are some new results for the known
signal case that display the sensitivity of the detection capability of
the system to small changes in the noise covariance function• The detec-
tion capability of the system is particularly sensitive when the system
is detecting perfectly, or almost perfectly (i.e., singular detection).
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Recent effort has been concerned with the physical justification of
the various signal and noise models. Under reasonable assumptions, the
models have been physically justified; in addition, appropriate forms
for the necessary spatial covariance functions have been found. These
results are also contained in the forthcoming report.
The analysis of the second signal model has also received effort
recently. The results of this analysis, essentially the same as those
for the known signal model, are included in the forthcoming report also.
Future effort will be concentrated upon the production of the report.
Project 6203: STATE-LOGIC RELATIONS FOR SEQUENTIAL NETWORKS
Tri-Service Contract Nonr-225(24)
Project Leader: D. L. Epley
Staff: D.L. Starner
This project is a study of the relations between the combinational
logic and state-behavior of sequential networks. The goal is a state
assignment algorithm, capable of being programmed for a computer, which
will handle medium-sized flow tables and capable of producing good re-
sults with the expenditure of a reasonable amount of computer time.
Technical Report No. 6203-1 by Duane L. Starner, dated August 1964,
entitled "Some State-Assignment Techniques for Large Sequential Circuits,"
has been distributed and this project is now closed.
Project 6206: MULTI-TAPE SEQUENTIAL MACHINES
Tri-Service Contract Nonr-225(24)
Project Leader: D. Epley
Staff: C.A. Isberg
This project is an investigation of sequential machines with multiple
input and output tapes, and their application to sequential transducers
involving storage.
A final report is in preparation.
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Project 6209 : LOGICAL DESIGN OF FAST CIRCUITS
Tri-Service Contract Nonr-225(24)
Project Leader: D. A. Huffman
Staff:
The purpose of this project is the development of synthesis procedures
by which the response time of logical circuits can be made as low as is
theoretically possible. It has application to the design of all digital
circuits including a wide variety of coding, control, and other informa-
tion processing circuits in which the data is encoded in binary form.
This project was inactive the past quarter.
Project 6301: DEVELOPMENT OF SIMULATION FACILITY
Tri-Service Contract Nonr-225(24)
Project Leader: G. F. Franklin
Staff: Jim Kawakami
The purpose of this project is to report, from time to time, the
changes and growth of the computer simulation facility available to SEL,
maintained by the Systems Theory Group. The purpose of the facility is
to permit experimental testing of control and filtering schemes, and data
reduction from analog tapes.
Now available is the ability to read, rewind, and write on a 727
digital tape unit. New equipment additions to the facility include a
1/4 inch, 4 track tape recorder and another TR48 analog computer.
Project 6452: MODELING OF LINEAR SYSTEMS
Tri-Service Contract Nonr-225(24)
Project Leader: D. Luenberger
Staff: Lewis Meier
The purpose of the project is to investigate the logical formulations
and solutions of the problem of approximating a given linear dynamic sys-
tem by means of a linear dynamic system of lower order than in the model.
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In the last quarterly report the constant coefficient linear approxi-
mation problem was defined and the following necessary conditions were
derived:
M
c.
_. J (la)C(di)= d + d
i jj=l
M
c
G'(di) = _ J (ib)
j=l (di + dj )2
where
G(s) = transfer function of given system
M
-d. t
t = c. e
l
1=i
= impulse response of ap-
proximating system
Equation (la) was interpreted as follows:
G(di ) : G(di) (2)
where G(s) is the transfer function of the approximating system. We
may also interpret Eq. (ib) similarly as requiring
G'(d i) : _'(d i) (3)
where
c,(s)-
c,(s)
dG(s)
ds
dG(s)
ds
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%During the preceding quarter this work was extended to cover a more
general approximating problem where the criterion was minimizing the
expected mean square error between the given and approximating systems
when their input is a general stationary random process rather than white
noise as considered before. The Phillips filter problem, which is the
Wiener filter problem with a constraint on the number of dynamic elements,
was also considered. In both cases two sets of necessary conditions were
obtained very similar in form to Eqs. (la) and (Ib). In fact the solu-
tion to the Phillips filter problem is the best approximation to the
Wiener filter in the above sense.
We note that both (la) and (Ib) are linear in the c .'s so that
J
either may be solved by inverting a matrix and then substituted into the
other. The result is a highly nonlinear but rational equation for the
d.'s to satisfy. We chose to solve (la) and substitute it into (Ib) and
3
use Newton's method to find iterative solutions of the result. In this
manner if we start near the optimal values of the d.'s we can converge
1
to the optimum values.
The above results may be extended to the cases of complex and multiple
roots in the approximating system.
It is hoped that within the next period research on this topic may be
completed and the results written up in a report.
Project 6557: THEORY AND DESIGN OF NONLINEAR REACTANCE SUBHARMONIC
GENERATIONS
Tri-Service Contract Nonr-225(24)
Project Leader: D. J. Grace
Staff: J. McConnell
A lumped model of the Linvill type has been developed for the junction
diode which, when used in the numerical integration computer program, gives
close agreement to experimentally observed subharmonic responses. In
addition to verification of the mechanisms involved in the experimental
circuit, the program and model have been used to illustrate transient
buildup of the subharmonic responses and to give some indication of the
principal effects of the losses in the diode.
The final report is in process of publication.
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Project 6657: STUDIES OF THE DESCRIBING-FUNCTION METHOD OF NONLINEAR
NETWORK ANALYSIS
Tri-Service Contract Nonr-225(24)
Project Leader: D. F. Tuttle
Staff: C. S. Burrus
This project is concerned with the analysis of lumped nonlinear cir-
cuits. In particular, methods of generating and evaluating approximate
solutions are being studied. The original intent was to extend and ex-
pand the idea of a describing function. Recent developments, however,
have led us to concentrate on the method described in the previous report,
and below.
An iterative method for finding an approximate solution to a differen-
tial equation has been formulated. The procedure basically consists of
finding a special driving function for an auxiliary linear system so that
its response will approximate the true response of the nonlinear system.
A degree of freedom is available in choosing this linear model, and this
is the principal feature of the method. For a first-order equation, this
freedom is in the form of a single parameter. The method converges for
a wide range of parameter values, and it has been shown that when this
parameter is set equal to zero, the method is the same as Picard's method
of successive approximations. When the parameter is equal to one, the
method is similar to the method of linear perturbations. For values be-
tween one and zero, the method becomes far more useful and generates
approximate solutions in the form of
x = a e
mn
n m
from an equation of the form _ = f(x) where f(x) is a polynomial.
An example initial-condition problem was worked for several parameter
values, and the rates of convergence compared. It was found that the
time interval of interest dictates the "best" parameter value to use.
In applying this method to a second-order equation, several problems
have come up; they are primarily involved with choosing a linear model on
which to perform the iterations. Equations of the type leading to elliptic
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functions as solutions were examined and harmonic-balancing seemed to
give very good results. Presently the relation between the Ritz and
the Galerkin methods is being studied.
During the next quarter, the application of this procedure to the
second-order problem, both driven and undriven, will be continued.
Project 6755: DIGITAL ADALINES
Army Contract DA04(200) AMC-57(Z)
Project Leader: B. Widrow
Staff: M.E. Hoff, Jr.
Present plans call for the construction of a digital Madaline using
a high-speed ferrite-core memory. The overall system of the digital
Madaline include a ferrite-core memory used to store the weights, a master
control clock used to select the proper sequence for reading out the weight
bits, a set of shifting accumulators each with a memory read-write circuit,
and a computer link. Each shifting accumulator becomes one digital
Adaline, performing summation, quantization, storing of the weight changes,
and the adaptation of the weights. The computer link enables reading
Adaline sums, reading weight values, writing patterns, writing initial
weight values, and writing adaptation instructions. Most of the internal
digital Adaline arithmetic will be 16-bit binary, so the computer link
also includes a binary to B.C.D. converter and a B.C.D. to binary converter.
The complete memory stack, consisting of 16 32 X 32 ferrite-core
memory planes, has been installed. The memory drivers, read-write cir-
cuits, and inhibit drivers have been tested and it appears that a one-
microsecond memory cycle will be easily achieved. The memory sequence
circuits have been completed and tested.
A prototype read-write amplifier and weight computation has been de-
signed and constructed for the digital Adaline. This circuit must now be
tested to insure proper performance of all functions. Among these func-
tions are the receiving of data from the ferrite-core memory sense windings
and the control of the memory inhibit drivers. When the weights are to be
set to particular values or when the weights are to be changed in adaption,
the circuit computes the new weight value and correspondingly controls the
memory inhibit driver. Completion of the construction of these circuits
(16 are required) will finish the memory circuits.
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The B.C.D. to binary and binary to B.C.D. converters have been
completed and tested. In each case the worst case conversion time is
less than 100 microseconds. The average conversion time is approximately
60 microseconds. Thus this conversion will slow the reading of data by
the computer by an average of only 20 percent, far less time than would
be required to do the conversion in the computer.
The design of the Adaline arithmetic units is nearly complete, and
design of the printed circuit cards will commence shortly. Completion
of these circuits and the weight computation circuits described above
will leave only the control link to the computer to be constructed.
Project 6762: MODEL-REFERENCED ADAPTIVE CONTROL SYSTEMS
Tri-Service Contract Nonr-225(24)
Project Leader: B. Widrow
Staff: R. Dressler
This research is concerned with model-referenced adaptive control
systems. The model is assumed to be described by an nth-order, time-
invariant, linear differential equation. The plant and its adaptive
controller are described by an nth-order, time-varying, linear differen-
tial equation.
The equation for the model is:
= F (t) + c(t) =
where, Y = n-dimensional state vector
U = r-dimensional input vector
C D = scalar output
The equation for the plant and its adaptive controller is:
"_X(t) = [F D + 5Fs(t)] X(t) + [O D + 5Ds(t)] U(t), c(t) = M_(t)
where, X = n-dimensional state vector
U = r-dimensional input vector
c = scalar output
5 = scalar constant.
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The matrices F5 and D 5 consist of the controller's adaptive
parameters which are represented by the matrices FA and DA respec-
tively, and the time-varying portion of the plant.
Adjustment of the adaptive parameters maintains the error e(t) at
approximately zero, (where e = C - CD). The adaption equations have
been derived analytically and yield the following for fA.. and dAk ,
Ij
which are elements of FA and DA respectively:
fA..(t) = - UF. " e(t) yj(t)
13 zj
dAk _(t) = - U'DI_ e(t) uz(t )
where, yj = model state variable
u_ = control variable.
The u' are adaptive gain constants and determine stability and rates
of convergence for the adaptive system.
Project 6763: ADAPTIVE COMPUTER DIAGNOSIS OF ELECTROCARDIOGRAMS
Tri-Service Contract Nonr-225(24)
Project Leader: B. Widrow
Staff: Donald F. Specht
The purpose of this study is to discover, through adaptive pattern
recognition techniques, a method of analyzing electrocardiograms with
more accuracy than is presently obtained by the clinical diagnosis. This
project is a continuation of an unsponsored project which resulted in a
satisfactory method of separating normals from abnormals. Emphasis will
now be placed on processing a sufficient number of cases for training of
the adaptive computer so that the recognition rate of the machine will
markedly exceed that of the present capability of human interpreters. An
attempt will also be made to isolate the different diseases.
A report entitled "Vectorcardiographic Diagnosis Utilizing Adaptive
Pattern Recognition Techniques," by D. F. Specht, has been prepared and
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Ipublished. (TR 6763-1 SEL-64-045.) The report includes experimental
results, a Madaline adapt procedure not previously published, and an
efficient computer simulation program of a many-element Madaline which
can accept analog inputs.
Research is being continued under this project which will lead to
publishing a dissertation. Work will continue under the sponsorship of
Lockheed Aircraft Corporation.
Project 6764: OPTICAL INPUTS TO COMPUTERS
Army Contract DA04(200) AMC-57(Z)
Project Leader: B. Widrow
Staff: K. Belser
The purpose of this project is the construction of a flying spot
scanner and digital oscilloscope display to be run by the IBM 1620
computer. It will be used as a research tool to generate binary patterns
from A-scope data or other patterns that may be samples from film.
The flying spot scanner equipment is now operational and information
from film transparencies is being read into the IBM 1620 computer, and
experiments in using such information are commencing.
Project 6766: CONDUCTION EFFECTS SUITABLE FOR ADAPTIVE DEVICES
Army Contract DA04(200) AMC-57(Z)
Project Leaders: B. Widrow and H. Heffner
Staff: G. Rosenberg
The purpose of this project is to examine the possibility of ionic
conductivity in thin films of A1203, having in mind an adaptive memory
device.
This project will be closing with the issuance of a final report.
Project 6767: TWO-LAYER ADAPTION STUDIES
Army Contract DA04(200) AMC-57(Z)
Project Leader: B. Widrow
Staff: F. Glanz
The purpose of this project is to find and investigate the properties
of procedures for training a network of Adalines and to study the gener-
alizing properties of such networks.
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During the past quarter a final report was started and the analysis
of the Madaline generalization experiments described last quarter was
carried further. A bound on the error curve for OR output logic has been
obtained and comparison with the experimental data is being made. The
analysis makes use of the hypersphere area approximation and several
theorems from geometrical probability.
During the next month, the analysis will be worked on from two
approaches, experiments will be conducted, and work on the final report
will be continued.
Project 6772: PATTERN RECOGNIZING CONTROL SYSTEMS
Air Force Contract AF33(657)-I1586
Project Leader: B. Widrow
Staff: E. Fraser
The objective of this project is the investigation of the feasibility
and properties of a threshold logic controller for a dynamic system of
given order. Specifically, the question is whether such a controller
may be trained to a configuration that will yield stable over-all system
operation regardless of the initial state of either the controller or
the dynamic system. This is to be accomplished by the simplest means
possible.
A final report for the project is in preparation.
Project 6773: CONVERGENT AUTOMATIC SYNTHESIS PROCEDURES FOR
SEQUENTIAL SAMPLED-DATA NETWORKS WITH FEEDBACK
Army Contract DA04(200) AMC-57(Z)
Project Leader: B. Widrow
Staff: P. Mantey
The purpose of this research is to develop convergent automatic syn-
thesis procedures for sequential sampled-data networks with feedback.
Conditions are obtained for insuring the stability of these networks,
and their optimality according to some performance criterion. The uses
of such procedures are two fold: first, for the automatic synthesis of
sampled-data networks with feedback; and second, to make possible self-
optimization (self-adaption) of adaptive sampled-data feedback networks
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in real time, utilizing performance feedback, and therefore capable of
following non-stationary inputs. In this context, an adaptive network
is defined as one whose variable parameters are to be adjusted in order
to minimize some chosen performance criterion. The investigation is
concerned both with the techniques for adaption, and with the performance
measures used in the automatic synthesis.
A final thesis report on this project is in publication.
Project 6950: THRESHOLD LOGIC ELEMENTS AND ADAPTIVE SYSTEMS
Tri-Service Contract Nonr-225(24)
Project Leader: R. Mattson
Staff: G. Masters
This project investigates the area of sequential switching circuits
which use adaptive threshold logic as the basic building block.
This quarter's efforts have been directed toward a possible use of
sequential machines as buffers to provide a better match between slow-
speed computer auxiliary equipment and high-speed computers. The re-
dundancy and finite length of data to be operated on is used to recode
and compress the actual amount of data to be stored. A sequential machine
can then be used to decode and regenerate the original sequence.
Project 6952: A STUDY OF ADAPTIVE INPUT-CODING TECHNIQUES
Tri-Service Contract Nonr-225(24)
Project Leader: R. L. Mattson
Staff: J.D. Chang
This project is concerned with a study of quantizing the analog inputs
of a threshold logic unit so that some nonlinearly separable functions of
analog variables can be realized.
Work during the last quarter was mainly devoted to the investigation
on parallel quantization. It has been found that there always exists a
weight vector which maps a given finite set of vectors into a line distinc-
tively or unambiguously. Therefore parallel quantization is always pos-
sible for any nonlinear function defined on a finite set of vectors.
A transformation which has some desirable properties has been found
also. This transformation is a linear i-I (or unambiguous) mapping for
the given set of vectors. It can keep the order of images on a line gen-
erally in agreement with the order of images mapped by a given weight
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vector. Therefore, if a rough idea about where the locations of the
images should be is known, this transformation will enable us to find a
weight vector which mapsthe given set of vectors distinctively (or un-
ambiguously) yet the order of the images will follow approximately a
preassigned manner.
By using this transformation, it can be shownthat the problem of
finding a desirable weight vector can be decomposedinto a problem of
finding a set of weight vectors. The resulting weight vector is equal
to a decimally weighted sumof all these weight vectors.
A desirable manner of distribution of the images on a line is the
distribution which has minimumnumberof transitions (i.e., a change
from the image of a l-vector to the image of a O-vector or vice versa) on
that line. This is because the numberof transitions relates propor-
tionally to the number of thresholds needed in the parallel quantization.
The number of transitions dependsupon the particular weight vector used.
A method of minimizing the numberof transitions has been developed. This
method maximizes the distance between the two images of the two centers of
gravity of input vectors subject to the constraint that the maximumdevia-
tion amongthe images from the center of gravity is minimum. Although it
does not guarantee the minimumnumberof transitions _ always, experimental
results show that it does so for most of the times.
In order to make the mapping unambiguous and to further reduce the
number of transitions, those images of a different kind that fall on the
same point must be pushed in a desired manner by additional weight vectors.
For some cases, this cannot be done so ideally. A method of determining
the second best manner is necessary. So far, there is no effective method
of doing this. An investigation on this matter will be the work for the
following quarter.
Those images of vectors of different kinds that fall on the same point
on the line will not be considered during a count of the number of
transitions.
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Project 7050: COMMUNICATION THEORY
Tri-Service Contract Nonr-225(24)
Project Leader: T. Kailath
Staff: J. Omura, M. Gyi, D. Cogswell,
J. Blumenthal
The purpose of this project is to study basic problems in detection
theory, with particular reference to time-variant channels.
A. SINGULAR DETECTION
In a previous summary we described some results on the singular de-
tection of a known signal in gaussian noise. We have been studying
similar problems for the detection of gaussian signals in gaussian noise.
We have obtained some simple tests for singular detection and also closed-
form expressions for the likelihood ratio in several cases.
B. MODULATION TECHNIQUES
To evaluate the SNR-improvement properties of a particular signal
processing scheme, it has been necessary to study the transformation of
a combination of sine waves by a limiter. M. Gyi has obtained a simple
general formula which specializes to the results of Middleton and Jones
(Trans. IRE PGIT, Jan 1963) in special cases.
C. HELLINGER DISTANCE
T. L. Grettenberg (SU TR-2004-4) has examined the use of the diver-
, , )igence [J(l 2) = El[_(x)] - E2[_(x)] where _(x is the logarithm of
the likelihood ratio and E. denote expectations under the two hypothesis
h(i)] as a tool for signal design. We have recently examined the Hellinger
distance as a similar tool.
The Hellinger distance is defined by
oo
h(Pl,P2 ) = f _/Pl(X)P2(X) dx
--00
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The Hellinger distance has many properties in common with the divergence.
For example, Bradt and Karlin [Ann Math. Star., 1956] showed that if for
two signal sets, _ and _ say, J_ > J_, then for some choice of
prior probabilities Pe_ < Pe_' where Pe_ is the probability of error
for signal set _. A similar theorem holds for the Hellinger distance.
However, the Hellinger distance appears to be superior to the diver-
gence in many respects. Thus in an example of random signal selection
[Grettenberg SU-2004-2, also Trans. IRE-PGIT, Oct 1963] the divergence
criterion yields a nonoptimum signal set, while use of the Hellinger
distance yields an almost optimum set (cf. Pierce Trans. IRE-PGCS, June
1961). For high SNR or low Pe' we get the optimum set (cf. Pierce,
op. cit.). The probability of error can be bounded in terms of h,
1 - Vl - h- < P < h.
-- e --
The upper bound appears to be exponentially good for low P . In fact
e
it is interesting to note that Gallager's expurgated error exponent,
E (0) , (cf. Trans. IRE-PGIT, Jan 1965) is just the average Hellinger
exp
distance for a signal set. The lower bound is not very tight, except
when h = O, which corresponds to singular detection.
We are studying applications of the Hellinger distance to a variety
of signal selection problems.
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Project 3550: METEOR ECHO PROPERTIES
Tri-Service Contract Nonr-225(24)
Project Leader: L.A. Manning
St aff : ....
The purpose of this project is to elucidate the mechanism of radio
reflections from meteor ionization trails, and to use meteoric echoes to
investigate physical processes in the lower ionosphere.
Active research on this project ceased with the preparation of a
report entitled "The Relation of Wind Profile Statistics to Meteoric
Echo Properties." The report has not yet completed the publication
process.
Project 3606: IONOSPHERIC WINDS AND IRREGULARITIES IN ELECTRON
DENSITY IN THE IONOSPHERE
Tri-Service Contract Nonr-225(24)
Project Leaders: A. M. Peterson and V. R. Eshleman
Staff: R. Nowak, A. A. Burns, and D. D. J. Fang
It appears possible that the winds may provide the driving force for
generation of some large-scale irregularities such as sporadic-E patches,
and the small-scale magnetic-field-aligned irregularities which cause
auroral and "northscatter" radio echoes. Some years ago at Stanford, a
relationship was found between sporadic-E patches and E-layer-height
field-aligned irregularities. It also appears possible that localized
ionospheric current systems may be generated by winds blowing ionization
patches across the magnetic field. The recent theoretical work of Buneman
and others has shown that streaming electrons in ionospheric current sys-
tems can, under certain conditions, cause growing acoustic waves to
develop. The acoustic waves in turn cause the equivalent to field-
aligned irregularities which can be observed by radar means. Data are
available at Stanford from past and presently operating experiments, which
provide most of the inputs required for this study.
A technique has been investigated during this period for measuring
wind shears in the E region of the ionosphere by the observation of drift-
ing meteor trails. This study indicates that considerable accuracy can
be obtained in the shear measurements by the installation of a displaced
receiver working in conjunction with the central radar.
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For such a measurement, use would be made of the fact that the
signal reflected to the receiver at the radar site and the signal re-
flected to the remote receiver are specularly reflected from the long
straight meteor ionization trail. The distance between the two specular
reflection points is fixed by geometry and the time to traverse this
distance is a function of the velocity of the meteorite. This displaced
receiver only needs to measure the time at which the meteor passes the
specular reflection point and the wind doppler produced at that height.
This information must be returned to the radar site in order that it may
be compared with the corresponding information at the radar. Using this
information the difference in time (_t) for the passage of the specular
reflection points can be determined as well as the wind doppler at the
two sites.
Additional information which must be measured at the radar site
include the azimuth angle, range, and velocity of the meteor. As an
example of the use of this method for measurement of shears, it has been
found that the height difference measurement of the two reflection points
can be found to an accuracy of about one kilometer.
If measurements of this type prove feasible in practice, they may
permit the checking of the hypothesis that wind shears are responsible
for the growth of sporadic-E ionization patches. In this model horizontal
wind shear leads to vertical movement of ions and electrons which give
rise to the formation of thin layers of ionization.
As noted above, echoes from field aligned irregularities have been
observed to occur simultaneously with the sporadic-E patch formation
(R. D. Egan and A. M. Peterson, "Backscatter Observations of Sporadic E,"
Ionospheric Sporadic E, ed. by Smith and Matsushita, Pergamon Press, 1962).
Thus wind shear measurements might help to indicate the generation mecha-
nism for both sporadic E and field-aligned irregularities.
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